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Abstract
Azimuthally Varying Noise Reduction Techniques Applied to Supersonic Jets
by
Nicholas S. Heeb
Doctor of Philosophy in Aerospace Engineering
University of Cincinnati
Dr E. Gutmark, Chair
An experimental investigation into the effect of azimuthal variance of chevrons and fluidically enhanced
chevrons applied to supersonic jets is presented. Flow field measurements of streamwise and cross-
stream particle imaging velocimetry were employed to determine the causes of noise reduction, which was
demonstrated through acoustic measurements. Results were obtained in the over- and under- expanded
regimes, and at the design condition, though emphasis was placed on the overexpanded regime due to
practical application.
Surveys of chevron geometry, number, and arrangement were undertaken in an effort to reduce noise
and/or incurred performance penalties. Penetration was found to be positively correlated with noise
reduction in the overexpanded regime, and negatively correlated in underexpanded operation due to
increased effective penetration and high frequency penalty, respectively. The effect of arrangement indi-
cated the beveled configuration achieved optimal abatement in the ideally and underexpanded regimes
due to superior BSAN reduction. The symmetric configuration achieved optimal overexpanded noise
reduction due to LSS suppression from improved vortex persistence. Increases in chevron number gener-
ally improved reduction of all noise components for lower penetration configurations. Higher penetration
configurations reached levels of saturation in the four chevron range, with the potential to introduce
secondary shock structures and generate additional noise with higher number. Alternation of penetra-
tion generated limited benefit, with slight reduction of the high frequency penalty caused by increased
shock spacing. The combination of alternating penetration with beveled and clustered configurations
achieved comparable noise reduction to the standard counterparts. Analysis of the entire data set indi-
cated initial improvements with projected area that saturated after a given level and either plateaued or
degraded with additional increases. Optimal reductions were 3-7dB depending on operating condition
and observation angle.
The fluidic enhancement of the low penetration chevrons indicated significant improvement in
the overexpanded regime, with detrimental effect at higher conditions. Improvements were gener-
ally due to shock noise and turbulent mixing noise reductions caused by decreased shock strength
and LSS growth inhibition. Investigation of azimuthal configurations indicated further improve-
ii
ments were achieved by the clustered configuration due to additional BSAN reductions caused
by drastic modification of the shock cell structure due to elliptification of the jet cross section.
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Chapter 1
Introduction
1.1 Research Motivation
High performance military fighter aircraft generate large amplitudes of unwanted noise that can
negatively affect surrounding individuals. The two groups of people most effected by the noise are flight
line personnel and communities in and around airbases.
Flight line personnel, especially those on aircraft carriers, have a definite chance of developing noise
induced hearing loss and/or tinnitus due to their close proximity to the jets at takeoff and landing. Noise
amplitudes can reach over 150dB within 50ft of modern carrier bound fighter aircraft, while hearing
protection is currently limited to reductions of 30dB.1 Using the current standards implemented by the
Navy, an individual correctly wearing hearing protection is limited to 8.5 seconds of exposure to 150dB
sound within an eight hour day before hearing damage would occur.2 A typical takeoff exposes crew
members to 20-30 seconds of engines at full power1 indicating that even a single takeoff would result in
some hearing damage. This issue is amplified by the fact that in a typical busy day, flight line personnel
are exposed to approximately 60 takeoffs.1 Furthermore, fighters landing on a carrier do so at full power
in case arrestor wires are over shot, which exposes flight line crew members to additional large amplitude
noise.
Communities in and around airbases experience lower amplitude sound than flight line personnel
due to the increased distance to the aircraft, but there are still health risks for individuals subjected
to the noise levels. Increases in blood pressure have been linked to nighttime flyovers in communities
surrounding runways.3 Furthermore, exposure to nighttime noise has caused changes in sleep quality and
pattern, heart rate, and cognitive performance.4 These effects are further amplified by the tendency of
surrounding communities to encroach upon military airbases because of urban growth and development.
Additionally, the Base Realignment and Closure (BRAC) process, which changed flight patterns around
specific bases due to realignment, has led to drastic increases in noise experienced by select communities.
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In addition to the negative health effects experienced by both civilians and military personnel, a
direct expense is incurred by the Department of Defense (DoD) in terms of personnel downtime and
health care, as well as compensation paid to affected military veterans and communities. Over $1 billion
dollars is spent annually by the Department of Veterans Affairs for hearing loss claims, 28% of which are
claims from Naval personnel.2 Moreover, communities near airbases have filled lawsuits against the DoD
resulting in out of court settlements that end up costing the DoD additional millions of dollars.5–7
Considering the trend of military aircraft engines increasing in power with every new generation of
fighter (and consequently noise amplitude), along with the negative health and financial burdens outlined
above, the need for noise mitigation is an obvious need.
1.2 Scope of Thesis
The work presented here will focus on proof of concept experiments regarding the effect of azimuthal
variation of the chevron and fluidically enhanced chevron (FEC) noise reduction technologies. A moderate
scale (≈ 1/8), simplified geometry model of a F/A-18 Hornet exhaust nozzle was used as the baseline for
comparison. Experiments were performed in the overexpanded, ideally expanded, and underexpanded
regimes, though emphasis was placed on the overexpanded range due to real world engine operating
conditions. A list of the key objectives of the work are given below:
1. Develop a database of unmodified nozzle measurements to serve as a baseline for judging the
effectiveness of the noise reduction technologies under investigation.
2. Design and construct modular chevrons and fluidic injectors that allow the effect of arrangement,
quantity, geometry, etc. to be studied.
3. Determine the effect of the standard chevron & FEC configurations on the supersonic flow and
acoustic fields to be used for judging improvements/modifications gained through use of azimuthally
varied configurations.
4. Compile far-field supersonic jet noise results to determine the effect of azimuthal variance of the
noise reduction technologies on reduction.
5. Measure flow field modifications and relate them to changes in the acoustic field through use of
theoretical relations.
6. Investigate overall geometric & performance metrics in an effort to develop relations regarding
noise source modifications.
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Chapter 2
Background
There are two main features that must be investigated when researching supersonic jet noise: the flow
field and the acoustic fields. Though the end goal is typically to modify the acoustic field in a beneficial
way, the source of noise is the flow field. To effectively develop noise reduction technologies, it must be
understood. Therefore, an overview of both the flow and acoustic fields is provided below.
2.1 Important Parameters
Before beginning to describe the flow and acoustic fields of the supersonic jets under investigation,
several parameters need to be introduced. These measured quantities are also used to determine several
relevant parameters which are used for calculations and as references during an experimental run.
The first of these parameters is the fully expanded jet Mach number, Mj , which is calculated using
the isentropic flow relations. Equation 2.1.1 shows how Mj is calculated using the ratio of the measured
total to ambient pressure, better known as the nozzle pressure ratio (NPR) .
Mj =
¿ÁÁÁÀ 2
γ − 1
⎡⎢⎢⎢⎢⎣( PoP∞)
γ−1
γ − 1⎤⎥⎥⎥⎥⎦ (2.1.1)
This is an important parameter to calculate as several attributes of jet noise (shock cell length, BBSAN
peak frequency, screech frequency, etc.) have been shown to scale with the fully expanded Mach num-
ber. Using the measured total temperature and the isentropic relations again, the fully expanded jet
temperature and velocity directly follow as shown in Equations 2.1.2 & 2.1.3.
Tj = To [1 + γ − 1
2
M2j ]−1 (2.1.2)
3
uj =Mj√γRTj (2.1.3)
Additionally, the jet mass flow rate (Equation 2.1.4) is calculated as it is used to determine the mass
flow rate ratio (MFR) between the injection and main jet during fluidic injection studies.
m˙j = uj Aexit Po
R To
[1 + γ − 1
2
M2j ] −1γ−1 (2.1.4)
The fully expanded jet diameter, Dj , is calculated using the conservation of mass flux and the isentropic
relations.
Dj =Dd ¿ÁÁÀMd
Mj
⎡⎢⎢⎢⎢⎣
1 + γ−12 M2j
1 + γ−12 M2d
⎤⎥⎥⎥⎥⎦
γ+1
4(γ−1)
(2.1.5)
This is also important for jet noise studies was shown to be a more effect scaling parameter than the
physical jet exit diameter by Tam & Tanna8.
The Reynolds number based on fully expanded expanded conditions, Rej , is an important factor as
it determines the laminar/turbulent state of the jet. Sutherland’s law9 is employed in the calculation of
the dynamic viscosity, µ, for use in determining Rej .
Rej = ρjujDj
µ
(2.1.6)
In addition to the above described flow field parameters several acoustic related parameters are used
throughout this work for nondimensionalization. The first and foremost of which is the Strouhal number
which is used to nondimensionalize frequency by the fully expanded jet velocity and diameter due to its
relation to vortex shedding.
St = fDj
uj
(2.1.7)
Additionally, the Helmholtz number was used to nondimensionalize the acoustic frequency as the
parameter has been shown to be related to BSAN and the quasi-periodic shock cell structure10.
He = fLs
a∞ (2.1.8)
2.2 Supersonic Jet Flow Field
A supersonic jet consists of several distinct features created by the air exhausting from the nozzle into
a free stream as shown by Figure 2.2.1. The primary feature is a shear/mixing layer which results from
the gradient in velocity between the jet and free stream velocities. This shear layer is initially very thin,
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Figure 2.2.1: Schematic of jet features. Reprinted with permission from Seiner et al.12.
but grows in radial extent as it propagates downstream due to mixing. The second feature is the region of
high velocity near the jet’s centerline encapsulated by the shear layer. This region exhibits irrotationality
and consequently is known as the potential core. The potential core is illustrated in Figure 2.2.1 by the
conical shape within the section denoted “initial mixing layer”. Due to the growth or spread of the shear
layer the potential core reduces in radial extent with downstream position until it is eventually eliminated
at some location. The distance from the nozzle exit to this location is termed the potential core length:
zc. Downstream of the end of the potential core, the jet begins to transition to fully turbulent, and further
downstream the jet attains self-similarity, signifying the beginning of the fully developed region. Finally,
due to non-ideal expansion, a system of shocks and expansions exist within the supersonic portion of
the jet. The supersonic portion of the jet includes the potential core and is enveloped by the sonic line
as shown in Figure 2.2.1. Not shown within Figure 2.2.1, is the presence of dual shock cells identified
in the flow fields of biconic nozzles11 due to overturning of the flow at the nozzle’s throat. Due to the
inability of shocks and expansions to exist outside of a supersonic region, they reflect off of the sonic line
resulting in a diamond pattern typically called shock cells. At some point downstream of the nozzle exit,
the pressure mismatch is rectified and the shock cell structure is terminated. The three main features of
a supersonic jet: shear layer, potential core, and shock cell structure, will be discussed in detail below.
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Figure 2.2.2: Instantaneous view of jet shear layer dynamics. Reprinted with permission from Yule.13
2.2.1 Shear Layer
As noted above, the jet’s shear layer develops due to the mismatch in velocity between the free stream
and the jet. Figure 2.2.2 shows a schematic of an instantaneous view of the shear layer. As seen, near
the nozzle exit the flow field rolls into toroidal vortex rings that pair and tear in a manner similar to the
vortical structures of a two dimensional mixing layer14. As the flow field evolves ambient fluid is entrained
into the jet and the vortex rings degrade into three dimensional large turbulent structures. The rapidity
of the transition from vortex rings to three dimensional large turbulent structures is directly related to
the Reynolds number of the flow, with larger Reynolds numbers causing the flow to transition quicker and
consequently reduce the axial extent of the vortex ring containing region. Figure 2.2.2 was taken from
Yule13, in which low speed jets were investigated, yet it has been shown that supersonic shock containing
jets also exhibit large turbulent structures.15 Though at high Reynolds numbers (Re ≈> 106) the order
of the large scale turbulence degrades, making natural observation difficult.16 Troutt and McLaughlin17
found that the large scale turbulent structures contained in supersonic jets exhibit dynamic characteristics
similar to instability waves. Furthermore, Kopiev et al.18 empirically identified instability waves in an
ideally expanded Mach 2 jet. Because of these results and others, it is generally accepted that the large
scale turbulence can be represented as instability wave packets that propagate downstream interior to the
shear layer. Additionally, a smooth turbulence spectrum is not achieved in the jet until far downstream
of the potential core termination due to the short residence time of the structures limiting the ability
of the cascade process to distribute the turbulent energy.19 To summarize, the large scale turbulent
structures in a supersonic jet begin at the nozzle exit, remain coherent for distances well past the end of
the potential core, and they can be regarded as a superposition of instability wave packets propagating
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inside the shear layer. The small scale turbulence on the other hand is distributed throughout the shear
layer in a uniformly random manner.
2.2.2 Potential Core
Figure 2.2.2 also highlights the transient nature of the potential core. Due to the evolution and
growth of the shear layer the boundary of the potential core is not perfectly conical as shown in Figure
2.2.1, but instead follows the transient shear layer and can possibly be broken into a noncontinuous
structure. This is an important as both the lip and throat shock cells reside within the potential core
region and are directly affected by the boundary shape. This is one of the factors causing unsteady shock
motion, a topic which will be discussed below. Lau et al.20 performed detailed velocimeter measurements
of supersonic jet centerline profiles and developed Equation 2.2.1 for the time averaged velocity profile.
u (z) /uj = 1 − exp( α
1 − z/zc) (2.2.1)
Lau et al.20 also determined that the potential core length of jets in the range of 0.3 <Mj < 1.4 follow the
relation zc = 4.2+1.1Mj2, indicating increasing potential core length with jet Mach number. Consequently,
this relation can be verified by fitting Equation 2.2.1 to measured centerline velocity measurements as
will be performed later in this document.
It should be noted following the discussion of the transient nature of the potential core above, that
significant shortening can result from the presence of the aeroacoustic feedback mechanism known as
screech, a topic which will be discussed in detail below. Glass21 was the first to report that a screeching
jet has a potential core length significantly shorter than a non-screeching jet, a fact which others have
recreated and reported22–24. The decrease in potential core length is attributed to an increase in spread
rate of the jet.21.
2.2.3 Shock Cells
For ideally contoured CD nozzles, shock cells only exist when the nozzle is operated with a NPR
other than the design condition due to a mismatch between the exit and ambient pressures. The bi-
conic nozzles used in this study on the other hand, are not ideally contoured and consequently a radial
component of velocity exists at the nozzle exit for all operating conditions. The result of which is the
typical shock cell structure that initiates at the nozzle lip25. This structure will be referred to as the
lip shock cells for the remainder of the work. In addition to the lip shock cells, a second set of shock
diamonds have been shown to exist in the exhaust of conical nozzles.11;26;27 The analytical reasoning
proposed by Migdal and Kosson11 explains the formation of this secondary shock structure as an over
turning of the flow aft of the throat due to the conical diverging section. This results in a miss-alignment
7
(a) Shock diamond structure visible in the exhaust
plume of an F/A-18 Hornet. (b) Shadowgraph of dual shock diamond structure.
Figure 2.2.3: Examples of the shock diamond structure.
between the flow direction and the nozzle geometry, and consequently a violation of the wall boundary
condition of parallel flow. To rectify this situation, a shock wave initiates to correct the overturning of
the expanding flow. This secondary shock structure will be referred to as the throat shock cells for the
remainder of the work. Both sets of shock cells extend through the jet and are quasi-periodic in space.
An example of the shock diamonds can be seen in Figure 2.2.3, where sub-Figure 2.2.3a shows a picture
of the shock diamonds illuminated by the combustion of excess fuel in the exhaust of an F/A-18 Hornet
and sub-Figure 2.2.3b shows an averaged shadowgraph image of the dual shock diamond structure of a
slightly underexpanded jet.
One of the most important features of shock cells, in regards to acoustics, is the distance between
cells. Pack28 provided a relationship for the shock cell spacing by completing the solution of the linear
vortex sheet model originally proposed by Prandtl29. By simply selecting the first term of his series
solution, Pack28 approximated the shock cell spacing as shown below in Equation 2.2.2.
Ls = piDj
√
M2j − 1
2.405
(2.2.2)
Due to the assumptions made in constructing the vortex sheet model, primarily parallel flow, the result is
only applicable in the near nozzle region due to jet spread. Several authors30;31 have shown a slight linear
decrease in shock spacing with downstream position. Tam et al.32 showed that 80% of the shock cell
spacing obtained from Equation2.2.2 acceptably approximated the downstream shock spacing (5th-6th
cell).
Shock strength is also an important feature regarding broadband shock associated noise as it is directly
related to the peak noise amplitude. Tam33 found that the shock strength of moderately imperfectly
expanded supersonic jets followed Equation 2.2.3, which indicates a minimum in strength at the design
condition with increases as the jet operation moves away from that point. This relation assumes perfect
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expansion at the design condition, indicating direct application to biconic flow fields is not possible.
The addition of a constant factor to account for the presence of shocks throughout the operating range
potentially rectifies this discrepancy.
A
2 =
⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩
[(Mj2−Md2
1+ γ+1
2
Mj
2)2 ( DDj )2] [1 + 3(Mj2−Md21+ γ+1
2
Mj
2)3]−1 Mj −Md ≤ 0
[(Mj2−Md2
1+ γ+1
2
Mj
2)2] [1 + 6(Mj2−Md21+ γ+1
2
Mj
2)5]−1 Mj −Md ≥ 0 (2.2.3)
2.3 Supersonic Jet Aeroacoustics
Historical trends show that, unlike commercial aircraft which have become quieter at a rate of approx-
imately 3dB per decade since the 1960’s, military fighter jets have become louder over the same period.34
This divergence in trends is mainly due to the technological advance responsible for commercial aircraft
noise reduction, the high bypass ratio turbofan engine, not being applicable to fighter aircraft. The
high flight velocity of fighter aircraft imposes limitations on the aircraft’s cross-sectional area due to the
increase in profile drag with the square of velocity. Hence, the large inlet area required by high bypass
ratio turbofans would drastically hamper an airframes efficiency by increasing the overall profile drag and
consequently cannot be used. Furthermore, pursuit of improved performance in terms of flight speed,
maneuverability, and/or STOVL capability has led to more powerful engines and consequently increases
in noise.
While aircraft noise emanates from multiple sources; such as individual engine components like the fan
or combustor, the noise from the low bypass ratio engines used by fighter aircraft is predominantly caused
by jet noise.36 Moreover, the high velocity of the exhaust not only inherently increases jet noise levels,
but the supersonic nature of the exhaust introduces additional noise components within the acoustic
spectrum. These components are broadband shock associated noise and screech tones which add to
turbulent mixing noise that is present for both subsonic and supersonic jets. A sample noise spectrum
is presented in Figure 2.3.1 with these three main noise components labeled. The screech tone is the
most easily identifiable characteristic as it consists of a high amplitude discrete frequency peak. The
broadband shock associated noise is the spectral peak and convex roll at frequencies higher than the
screech tone. Turbulent mixing noise is only labeled at the lower frequencies, but in reality it exists for
the entire spectral range, the other two noise sources are just superimposed on top of the turbulent noise
component. In addition to these noise sources, there is a fourth component of jet noise, crackle, which
does not appear in acoustic spectrum due to its transient nature.37 Crackle was introduced to make the
reader aware of its existence, but due to the uncertainty about measurement metrics38 and ambiguity
of source mechanism39, it is beyond the scope of the current investigation. Therefore with the main
components of supersonic jet noise introduced, an individual investigation into each component and its
source mechanism will given below.
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Figure 2.3.1: Supersonic jet noise spectrum highlighting noise components. Reprinted with permission
from Tam35.
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Figure 2.3.2: Turbulent mixing noise directivity. Reprinted with permission from Tam35.
2.3.1 Turbulent Mixing Noise
Before discussing the mechanisms or sources of turbulent mixing noise, the predominant character-
istics of the acoustic field will be introduced. Several theories seeking to explain the cause of these
characteristics will then be examined.
Acoustic Characteristics
The most noticeable feature of turbulent mixing noise is the directivity of acoustic propagation with
regard to the jet axis, an example of which is shown in Figure 2.3.2. The acoustic propagation is nonlinear
with respect to the observation angle and a large amplitude peak and dominant sector exists at aft angles.
Outside of the dominant portion of the directivity pattern, amplitudes are relatively constant and of lower
level. The relative amplitude of the dominant to non-dominant sectors has been found to be dependent
on the jet Mach number and is an increasing function35.
To illustrated the cause of the directivity pattern, example spectra measured within the dominant
and non-dominant portion are presented in Figure 2.3.3. The non-dominant spectra (Figure 2.3.3a)
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Figure 2.3.3: Example turbulent mixing noise spectrum. Reprinted with permission from Tam19.
possess relatively flat and broad spectral characteristics which are of low amplitude. On the other hand,
the spectra in the dominant sector (Figure 2.3.3b) are made up of a broadband spectral peak at Strouhal
numbers around 0.15 followed by linear decays of amplitude away from the peak. Interestingly, these two
independent spectral shapes exist independently of jet Mach number as highlighted by the three spectrum
in each subplot of Figure 2.3.3. Tam et al.40 argued that as the jet core lacks intrinsic scales in both
length and time the noise spectra should exhibit similarity. They developed two similarity spectrum, one
for the dominant and one for the non-dominant propagation directions, as shown by the smooth lines in
Figure 2.3.3. These similarity spectrum were found to be universal for both subsonic and supersonic jets
containing shock noise, unless a large amplitude screech tone was present40.
Acoustic Source Theories
Turbulent mixing noise, as the name implies is a result of turbulence. In his pioneering work,
Lighthill41 sought to theoretically calculate the noise from turbulence using equivalent sources. That
is, through subtle manipulation of the Navier-Stokes equations, acoustic propagation effects can be
disentangled from the equations with the remaining terms being known as equivalent sources. The
resulting factored equations have become know as the acoustic analogy, the main result of which is
shown below in Equation 2.3.1.
∂2ρ
∂t2
− a2∞∇2ρ = ∂2Tij∂xi∂xj ;
Tij = ρvivj + pij − a2∞ρδij (2.3.1)
12
Furthermore, Lighthill was able to arrive at a solution to Equation 2.3.1, to which he applied dimensional
analysis which resulted in the u8j scaling law. Roughly, the law states that the radiated acoustic power
of a turbulent jet scales with the eight power of the jet’s velocity.
In an effort to account for acoustic source movement Lighthill42 also developed a multiplicative factor,[1 −Mc cos(θ)]−6 which accounts for jets of practical velocities (M > 0.3). In this factor, theta is the
angle between the convection and emission directions, which for small values causes large increases in
the factor and consequently the acoustic intensity. This additional factor accounts for the increase up to
the dominant sector of acoustic propagation as shown in Figure 2.3.2, though the amplitude roll off that
occurs around observation angles of 150○ is not captured. Atvars et al.43 empirically demonstrated that
a cone of silence exists at angles near the aft jet axis due to turning of the acoustic propagation path
by the mean flow. Lilley44 later appended Lighthill’s work to include the described effect of refraction,
improving the aft angle predictions.
Since the work of Lighthill, many researchers, such as Curle45, Ffowcs-Williams & Hawkings46,
and Lilley44, have sought to improve upon the original derivation by removing assumptions, including
additional wave physics, and/or more adequately describing source terms. Additionally, these works
have typically endeavored to improve upon the u8j scaling law in an effort to more adequately collapse
experimentally obtained jet spectrum. The result of these improvements is a plethora of analogies, each
with different equivalent source terms and independent theoretical arguments justifying their validity
(See Viswanathan47 for a short review).
The ambiguity in the analogy selection and justification led other researchers to empirically develop
understanding of turbulent mixing noise. For example, Laufer et al.48 proposed a two source model
based solely upon their experimental observations. The idea of two independent sources was further
investigated by Tam & Chen49, Tam35, and Tam et al.40 who proposed the noise sources were in fact
the large and small scale turbulent structures originally identified in plane mixing layer research.
In their developed models, the pressure fluctuations caused by the large scale structures are regarded
as a linear superposition of instability waves that propagate downstream. A one dimensional, single
component view of the instabilities can be represented mathematically as a plane wave, Equation 2.3.2,
where k is the wave number, A is the amplitude, and ω is the angular frequency of the instability. The
velocity at which the wave convects downstream (uc) is equal to the ratio of ω to k.
Pt (x, t) = Real [Aei(kx−ωt)] (2.3.2)
If the wave’s velocity is greater than the ambient speed of sound, the traveling instability will generate
Mach waves following the wavy wall analogy. These Mach waves can be essentially regarded as very high
amplitude acoustic waves and consequently large sources of noise. The fine scale structures, on the other
hand, generate acoustic disturbances due to the time rate of change (material derivative) of turbulent
pressure fluctuations. A more detailed description of fine scale turbulence noise generation using the gas
13
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Figure 2.3.4: Schematic of turbulent mixing noise. Reprinted with permission from Tam19.
kinetic theory analogy is provided by Tam50. The two source view of turbulent mixing noise was the
driver behind generation of the similarity spectrum by Tam et al.40 as discussed above.
Due to the generation mechanisms behind these two sources, the direction of acoustic propagation
differs for each, as depicted by Figure 2.3.4. Because the large scale turbulent mixing noise results from
Mach wave radiation, the acoustic propagation direction is aligned with the Mach wave angle, the formula
for which is shown below in Equation 2.3.3.
cosµ = − cosψ = a∞
uc
(2.3.3)
Therefore, the noise resulting from the large scale turbulent structures primarily propagates in the
downstream direction and consequently causes the dominant sector in Figure 2.3.2. Tam & Burton51
noted that amplitude variation of the instability waves must be incorporated for accurate sound and
directivity prediction. Including this phenomena results in Mach wave radiation that varies in the polar
direction and more accurately describes the broad sector of dominant propagation, instead of a single
propagation angle from a fixed amplitude wavy wall. The noise from the fine scale turbulent structures
propagates toward nearly every direction as the generation mechanism is random fluctuations of pressure.
Due to convection of the structures by the mean flow slightly higher amplitude noise propagates in the
downstream direction.
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In addition to the theoretical views of the acoustic analogy and the two source model, several re-
searchers have made efforts to empirically develop scaling laws. Recently this methodology was performed
by Viswanathan47, and followed by Khavaran & Bridges52, and it was found that the independent pa-
rameters of velocity ratio and stagnation temperature ratio collapsed the turbulent mixing noise spectra
across all frequencies and for all observation angles per the relations in Equation 2.3.4.
Iψ = ( uj
a∞)n ; n = n(ψ, ToT∞) (2.3.4)
Not only does this methodology collapse experimental results, it allows creation of a master spectrum
that can be extrapolated to different jet Mach numbers. Once extrapolated, the master spectrum can
be subtracted from spectra containing shock associated noise in an effort to separate the superimposed
noise sources.
The acoustic analogies and the empirical models appear somewhat at odds with each other. The
validity of several of the principals of the acoustic analogies, such as moving sources, has been questioned
by those in favor of the two source model53, while the need for multiple sources and the requirement of
empirical corrections have been questioned by proponents of the acoustic analogy54. The crux of the issue
is the question: “What are the acoustic sources responsible for jet noise?” From the outset, Lighthill
sought to employ fictitious, but equivalent quadrupole sources to model the highly turbulent flow, as
he knew “we never know a fluctuating fluid flow very accurately”41. With time this detail appears to
have become muddled and some have indicated that quadrupoles were proposed to be the actual source
of noise55. To date there is no complete answer to the above question. As understanding of the highly
turbulent nature of jet flow is gained, it is possible that the two theories will be shown to be equivalent
as several authors have already achieved for specific portions of the works56;57.
2.3.2 Broadband Shock Associated Noise
As the name implies, broadband shock associated noise can only occur when a jet is operated super-
sonically and shock cells are present in the flow. Harper-Bourne and Fisher30 pioneered understanding
of this noise source through experimental observation of underexpanded jets and through their work
developed the first empirical model for the broadband shock associated noise. Since that time many have
investigated shock associated noise such as, Tanna58, Seiner and Norum59;60, Tam and Tanna8, Pao and
Seiner61, and Seiner and Yu62 to name just a few. Much of the work specifically sought to identify the
physical mechanisms behind the generation of broadband shock noise, for example Seiner and Norum60.
Additionally, the effect of off design operation of converging diverging nozzles was studied by Tanna58
and Tam and Tanna8.
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Acoustic Characteristics
The dominant characteristics of broadband shock associated noise are highlighted in Figure 2.3.5. A
comparison of the acoustic spectrum of an ideally and an underexpanded jet allows the shock associated
noise components to be isolated from the turbulent mixing noise simply by identifying the differences
between the spectrum. The most obvious characteristic of the broadband shock associated noise is the
large amplitude spectral peak in the upstream direction that has a relative amplitude approximately
10dB above the ideally expanded spectrum. As the observation angle increases the relative difference
between the turbulent mixing noise decreases. This is not to say that the broadband shock associated
noise does not propagate toward the aft directions. In fact, Viswanathan63 recently showed that the
spectrally integrated broadband shock associated noise component is independent of observation angle,
indicating the propagation is omnidirectional. Though not easily seen in Figure 2.3.5, additional spectral
peaks of broadband shock associated noise have been measured, for example see Figure 9 of Viswanathan
et al.63. In addition to the relative amplitude decreasing, the peak frequency and the spectral width of
the dominant broadband shock associated noise protuberance increase as the observation angle increases
from the upstream direction.
In addition to the the above discussion which presents the characteristics of broadband shock asso-
ciated noise at a fixed jet Mach number, the amplitude of broadband shock associated noise exhibits
a relation with the operating condition. The amplitude has been show to be an increasing function of
βn, where β is the non-ideal expansion factor defined in Equation 2.3.5 and n spans the range of 2.9
to 6.1763. This indicates that broadband shock associated noise will increase in amplitude as a jet is
operated further from its design condition in both the over and under expanded regimes.
β = √∣Mj2 −Md2∣ (2.3.5)
Acoustic Source Theories
The current understanding of broadband shock associated noise is that acoustic radiation results from
an interaction between the large scale turbulent structures and the quasi-periodic shock cell structure.
This leads to a system of disturbances that traverse the length of the jet in the form of waves. To explain
the mechanism behind acoustic generation, a simplistic one dimensional model, presented by Tam35, is
derived below.
As was done in the previous section, the pressure fluctuations caused by the large scale turbulent
structures are regarded as a linear superposition of traveling instability waves, represented mathematically
by Equation 2.3.2. The fluctuations due to the presence of the shock cell structure are regarded as a
time independent, spatially periodic function. A fixed amplitude cosine function is used to represent
these fluctuations, shown below in Equation 2.3.6 using the exponential representation following Euler’s
formula. To accurately model the shock cells, the wavelength of the function is proportional to the
16
Figure 2.3.5: Broadband shock associated noise characteristics. Reprinted with permission from Tam35.
17
spacing between the shock cells as indicated by κ. The interaction between the large scale structures
and the shock cells is then simply represented as the product of Equations 2.3.2 & 2.3.6. Examination
of the result, Equation 2.3.7, indicates that the interaction generates an additional set of plane waves.
Ps (x) = B
2
[eiκx + e−iκx] ; κ = 2pi
Ls
(2.3.6)
Pt ⋅ Ps = Real [AB
2
ei[(k+κ)x−ωt] + AB
2
ei[(k−κ)x−ωt]] (2.3.7)
The plane waves propagate with velocities of C = ω/ (k + κ) and C = ω/ (k − κ) for the first and second
terms respectively. For practical values of ω, κ, and k, the first plane wave will travel with subsonic phase
velocity relative to the ambient speed of sound, indicating that the noise of those disturbances will rapidly
decay in the near field8. The remaining disturbance can have a supersonic velocity if k − κ ≈ 0. This
directly results in Mach waves that propagate upstream following the wavy wall analogy. Furthermore,
if κ > k, the wave’s velocity will be negative, indicating that wave is propagating supersonically up
stream. Therefore, broadband shock associated noise can be regarded as Mach wave radiation caused
by supersonically propagating disturbance waves generated by the interaction between the large scale
turbulent structures and the quasi-periodic shock cell structure.
Two of the main characteristics of broadband shock associated noise; increase in spectral width and
frequency with observation angle, can be explained using the above simplistic model. The increase in
peak frequency with observation angle is explained by inserting the interaction wave’s velocity into the
Mach wave angle relation (Equation 2.3.3). The resultant relation and its derivation are shown below in
Equation 2.3.8. Where Ls is the shock cell spacing and uc is the convection velocity of the large scale
turbulence.
− cosψ = a∞
C
= a∞ (k − κ)
ω
=a∞ ( ωuc − 2piLs )
ω
= a∞ (2pifBSANuc − 2piLs )
2pifBSAN
fBSAN = uc
Ls (1 + uc/a∞ cosψ) (2.3.8)
The broadening of the spectral peak with observation angle can be explained by regarding the distribution
of disturbance velocities responsible for the broadband shock associated noise. A relation between this
distribution or spread of velocities and the spectral width can be gained by taking the derivative of
Equation 2.3.8 with respect to the convection velocity, the result is shown below in Equation 2.3.9 where
∆fBSAN is the width of the spectral peak of the broadband shock associated noise and ∆uc is the
distribution of convection velocities responsible for generation of broadband shock associated noise. As
seen, the term multiplying ∆uc on the left hand side of Equation 2.3.9 is very dependent on observation
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angle, indicating the width of the spectral peak would broaden rapidly as the observation angle increases
towards the downstream jet axis.
∆fBSAN = ∆uc
Ls (1 + uc/a∞ cosψ)2 (2.3.9)
A fully three dimensional stochastic model of broadband shock associated noise was developed by
Tam64 using the instability model of Tam and Chen65 and a decomposition of the shock cell structure
into time independent waveguide modes. The result is a near and a far field power spectrum formula
that depend only on four parameters: the convection velocity of the large scale structures, the series
of wave numbers of the shock cell waveguide modes, and two spectral shape constants. In addition to
incorporating the variation in peak frequency and spectral width, the variation in relative amplitude
between the broadband shock associated noise and the surrounding spectrum with observation angle is
accurately captured by the developed model.
More recently, Zaman et al.66 investigated off-design operation of converging diverging nozzles and
found that in the overexpanded operating range CD nozzles produced excess broadband noise as compared
to converging only nozzles. The excess noise was related to unsteady shock motion interior to the nozzle.
Due to the interior throat shock, a flow feature that will be discussed in Section 2.2.3, this mechanism
is possibly an additional source of shock noise for biconic CD nozzles that was not covered by the above
discussion.
2.3.3 Screech Tones
As with broadband shock associated noise, screech only occurs when a jet contains a shock cell
structure. The phenomena of screech was originally studied by Powell67;68 using an optical Schlieren
technique. He postulated that screech was caused by a feedback loop consisting of flow disturbances that
interact with the shock cell structure and generates acoustic radiation. This radiation then propagates
upstream and interacts with the thin shear layer at the nozzle lip. The interaction initiates new flow
disturbances closing the loop. Many investigations of screech have been performed since Powell’s work,
some of which will be discussed below, but the description that was originally given is still fundamentally
the understanding of screech.
Acoustic Characteristics
The most dominant characteristic of screech is its tonal nature, which can have amplitudes 10-30
dB higher than neighboring frequencies as seen in Figure 2.3.5. Another characteristic of screech is the
possibility of higher harmonics of the fundamental tone occurring. Figure 2.3.6 shows several spectrum
obtained by Andre´ et al.69 for an underexpanded jet with several levels of simulated forward flight, all
of which exhibit higher screech harmonics. Interestingly, the directivity characteristics of the harmonics
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Figure 2.3.6: Example spectrum containing multiple screech harmonics. Ψ = 90○, Mj = 1.50. Reprinted
with permission from Andre´ et al.69.
are different than the primary tone. Norum70 showed that the second harmonic propagates strongly
toward the sideline direction and the third harmonic toward Ψ = 70○ & 110○ in addition to the upstream
direction.
Screech also displays significantly unique directivity characteristics as shown in Figure 2.3.5 above.
Similar to broadband shock associated noise, the largest relative amplitude screech is seen to propagate
in the upstream direction. Though a tone is not identifiable after 105○ in Figure 2.3.5, others have
shown screech to propagate further downstream70;71. Furthermore, Norum70 precisely investigated the
directivity of screech and found that distinct propagation lobes exist toward the upstream and down-
stream direction, with limited propagation toward the sideline direction. In addition to the directivity,
Figure 2.3.5 highlights the frequency characteristics of screech. As seen, the screech tone frequency is
independent of observation angle, which is in stark contrast to the characteristics of broadband shock
associated noise.
Operating condition also plays a large part in the aspects screech, in that its frequency decreases
with increases in jet Mach Number. Additionally, several discontinuities in the evolution of screech
frequency with operating condition have been experimentally observed (originally by Powell68). Davies
and Oldfield72 further investigated the phenomena of frequency discontinuity and found multiple stages
or discrete jumps existed corresponding to different jet oscillation modes and underlying shock cell
structure origination. Additionally, it was found that multiple modes were not necessarily independent,
20
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Figure 2 3.7: Screech mode as a function of operating condition. Reprinted with permission from Tam35.
but in fact could overlap, illuminating the possibility of simultaneous mode existence or mode switching.
Davies and Oldfield also noticed that the production of screech is a transient process with periods of
stability containing relatively little variation in amplitude interspersed with periods of instability where
the amplitude varied by up to eighty percent of the stable value.
A majority of the work on screech has been completed using converging nozzles which display screech
mode staging with increases in operating pressure as discussed above. Converging diverging nozzles on
the other hand show mode dominance away from the design operating condition with some overlap in
the near design range. An example of the range of dominance as well as the overlap is shown in Figure
2.3.7, the data for which was presented in Seiner et al.73. As seen the toroidal or axisymmetric mode
is dominant in the lower operating range away from the design condition (Md = 1.41) while the helical
mode dominates in the higher range. Other than this difference between converging and CD nozzles, the
above discussed characteristics exist for converging diverging nozzles.
Acoustic Source Theories
As part of his discovery of screech, Powell67 proposed a frequency prediction method based on the
convection velocity of the turbulent structures, the ambient speed of sound, and the shock cell spacing
shown below in Equation 2.3.10.
fs = uc
Ls (1 + uc/a∞) (2.3.10)
Yu and Seiner74 sought to improve understanding of the inner portion of the feedback loop by
investigating the role of jet instability in the production of screech. Their results were quickly followed
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by Tam et al.32 which showed that screech could be regarded as a special case of broadband shock
associated noise, based upon the previous work of Tam and Tanna8. They argued that screech is
just broadband shock associated noise which must propagate upstream to complete the feedback loop
mechanism. Furthermore, they showed by placing ψ = 0○ into Equation 2.3.8, the relation derived
by Powell (Equation 2.3.10 was achieved. This result explains the characteristic of screech frequency
being independent of observation angle. Additionally, by using vortex sheet theory to predict shock cell
length, the assumption that uc = 0.7uj , and Crocco’s theorem, a semi-empirical relation for screech tone
frequency was developed by Tam et al.32 which requires input of only the jet operating conditions, as
shown below in Equation 2.3.11.
fsDj
uj
= 0.67√
M2j − 1
⎡⎢⎢⎢⎣1 + 0.7Mj (1 + γ − 12 M2j )
−1/2√To
Ta
⎤⎥⎥⎥⎦
−1
(2.3.11)
It should be noted that the above relations derived by Powell67 and Tam et al.32 do not predict mode
switching/staging characteristic of screech, an example of this is given in Figure 2.3.8.
More recently, Massey and Ahuja76 improved upon Equation 2.3.11, by including empirical observa-
tions of mode dominance and occurrence. Two relationships were developed, one for the helical screech
mode which is dominant in the higher Mach number range and one for the axisymmetric which dominates
the lower Mach number range. Additionally, Massey and Ahuja confirmed the possibility of overlapping
screech tones seen earlier by Davies and Oldfield72.
Panda77 performed an extensive battery of experimental measurements, consisting of near field pres-
sure, shadowgraph, and a novel shock detection method using scattered laser light, to improve under-
standing of the screech noise generation mechanism. He found that the standing wavelength, or the
distance between nodes in the interference pattern created by the hydrodynamic and acoustic fluctua-
tions, more accurately represented the length scale responsible for screech generation as compared to the
shock cell spacing. The values of these two length scales were found to be close in magnitude, but not
identical, a fact that could not be described. Application of the standing wavelength requires the value
to be measured, a detail that has kept most from using the derived relation.
The temporal nature of screech was investigated to determine if simultaneous mode existence or mode
switching was occurring by both Raman78 and Walked and Thomas79 in rectangular jets. Both found
that for a baseline nozzle simultaneous mode existence was occurring and that the amplitude modulated
with time in phase for all screech modes. Raman’s study also investigated beveled nozzles and he found
that mode switching in an exclusive manner occurred for non-perpendicular exit plane nozzles. More
recently, Heeb et al.80 applied wavelet axisymmetric nozzles in a manner similar to Walker and Thomas
and found that the multiple screech amplitudes were intermittent in time and uncorrelated.
Though large achievements have been made since Powell’s work, accurate prediction of screech am-
plitude or its occurrence is still not a reality. Computational work has helped with understanding of the
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Figure 2.3.8: Comparison of the above theory and experimental data. From Yu et al.75.
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feedback process, for example Gao and Li81, yet the goal remains elusive. The above discussion is by no
means exhaustive, for a more in depth review see the articles by Raman82;83.
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Chapter 3
Experimental Facilities
The experimental facility and test rig used in this study were originally constructed as part of the
work by Callender84. Consequently, some of the discussion below has already been covered by Callender,
but in the pursuit of completeness it was deemed necessary to include the following sections as much of
the specifics have changed.
3.1 Facility Overview
All experiments were performed in the Aeroacoustic Test Facility (ATF) which is located within the
Gas Dynamics and Propulsion Laboratory (GDPL) at the University of Cincinnati. The AFT consists
of a control room and an anechoic chamber, inside of which a coaxial jet test rig is located.
The anechoic chamber is a 7.6m x 7.3m x 3.5m room that was acoustically treated to have a cutoff
frequency of 500 Hz. This treatment was achieved using 6in thick fiberglass insulation inserted within
the exterior walls and ceiling. The insulation is secured by drywall on the exterior face of the facility, but
to permit acoustic waves to propagate through the insulation a coarse wire mesh was used on the interior
face. A layer of fabric was also added on top of the wire mesh to reduce the degradation of the fiberglass
insulation by impinging air and day-to-day use. To treat the floor of the facility, removable acoustic
tiles approximately 1m x 1m x 0.15m were constructed. These tiles consist of a wooden frame backed
with plywood which is filled with insulation and then covered with wire mesh and fabric, effectively
mimicking the wall and ceiling construction. The tile construction method enables anechoic treatment
to be installed during acoustic testing as well as removed at other times to allow different experimental
setups to be installed using the concrete sub-floor as a foundation. Additionally, the back wall of the
chamber was designed as an exhaust for the oncoming jet. The exhaust consists of a permeable front
wall, a 0.6m void, and a rigid back wall, all of which run from the floor to the ceiling of the chamber. A
duct silencer system is also installed on the roof of the chamber and connected to the exhaust to limit
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Figure 3.1.1: Schematic of the far field microphone array within the AFT.
acoustic exposure from outside sources. A plan view schematic of the anechoic chamber is shown in
Figure 3.1.1.
The control room is located adjacent to the anechoic chamber to allow easy access for experimental
setups. It is connected to the anechoic chamber through a trench system that runs the length and width
of the chamber (0.4m wide by 0.3m deep). The trenches allow communication between instrumentation
within the anechoic chamber and data acquisition systems within the control room even with the anechoic
floor tiles in place. Additionally, the plumbing required for control of fluidic injection and tracer particle
injection is located within the trench system.
3.2 Air Supply System
The GDPL is supplied by a high and a low pressure blow down air system, both of which were used
for the experiments within this work.
The high pressure system involves compressed air storage tanks with a volume of 2150ft3 and max-
imum pressure of 1500psi that are filled by two compressors that operate either in tandem or indepen-
dently. The first compressor is a Worthington HB-3 three stage reciprocating compressor with a rated
delivery capacity of 130SCFM at a rated delivery pressure of up to 1600 psi. The second compressor is a
Norwalk TRG-S4T four stage reciprocating compressor with a rated delivery capacity of 213±3% SCFM
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Figure 3.2.1: Schematic of the air supply system.
at a rated nominal discharge pressure of 2000psig. Before the compressed air enters the storage tanks,
the air is filtered and dried by desiccant dryers. The Worthington uses a Xebec SPS 3.0 dryer, while
the Norwalk supplies a Pneumatic Production 5JPJ-SST dryer. Due to its larger capacity and repairs
to the Worthington compressor, the Norwalk compressor was typically run independently for the work
presented here.
The high pressure tanks are isolated from the GDPL by a 4in ball valve located outside the laboratory
environment. Downstream of this isolation valve, the high pressure air system splits into a high pressure
line rated to 2000psi and a low pressure high mass flow line rated to 200psi. After the split, the high
mass flow line contains an isolation valve followed by a Fisher 667 HSC pressure regulating valve. The
high mass flow line is then expanded from 4in diameter up to a 6in diameter pipe which then supplies
a 4,000,000 BTU/Hr spiral tube and shell heat exchanger. The exhaust from the heat exchanger is
isolated from the anechoic chamber by an additional ball valve. All of the aforementioned valves and
heat exchangers are pneumatically activated and regulated by the air supply control system. Downstream
of the final isolation valve is a Fisher V-Ball pressure regulator, which is then directly connected to the
plenum of the jet rig. This pressure regulator allows the operating pressure in the plenum to be controlled
during an experiment.
The low pressure system consists of storage tanks with a volume of 3,000ft3 which is supplied by an
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Atlas Copco GA55C rotary screw compressor with a delivery capacity of 273SCFM. Before entering the
storage tanks the air is dried and filtered using a Oriad 75US-1 dryer.
In a manner similar to the high pressure system discussed above, the low pressure tanks are isolated
from the GDPL by a 4in ball valve. Next in line is a Fisher B475-2 pressure regulator which is followed by
an additional isolation valve. The low pressure piping is then reduced to a 2in diameter pipe, introduced
into the anechoic chamber and then isolated. Finally, both the control systems for the fluidic injection
and tracer particle generators are supplied from the 2in line, but not before individual isolation. All of
the above mentioned systems are manually controlled.
In addition to being able to supply the 2in line from the low pressure tank, the 4in high pressure line
discussed above can also be used to provide higher line pressures. This is achieved by isolating the 4in
low pressure line and then opening the bypass from the high pressure 4in line to the 2in line. To ensure
the pressures within the 2in line are within the safe operating range, the in line pressure regulator is set
to automatically limit the pressure to below 200psig (≈180psig).
To clarify the discussion above, a piping diagram of the high and low pressure systems as well as the
high to low pressure bypass is provided in Figure 3.2.1.
3.3 Experimental Rig
The coaxial jet rig used in the work here was originally designed to simulate high bypass ratio turbofan
engines, and consequently has both fan and core nozzles. A cutaway view of the test rig is shown in
Figure 3.3.1. As a typical fighter aircraft’s low bypass ratio engine’s dual stream exhaust is mixed in an
afterburner before exiting through a nozzle, it was decided that the current study would only pertain
to single flow jets exiting though the core section of the test rig. To eliminate the possibility of open
cavity resonance, the secondary flow nozzle was capped off throughout all acoustic measurements. Also,
the secondary flow system was used at very low speeds (M ≤ 0.04) to help introduce tracer particles
into the ambient air with the purpose of increasing the data reliability within the shear layer of the jet
during PIV measurements. The core section of the test rig consists of a plenum with an inner diameter
of 5.797in and a contraction section that reduces the diameter down to 3.124in. The contraction section
was designed using a fifth order polynomial to ensure both the position and slope matched at the inlet
and outlet, and that the area varied smoothly to limit the possibility of flow separation. The exit of the
contraction section is threaded on its exterior to allow nozzle interchangeability. Additionally, there are
several flow conditioning devices that are located within the upstream section of the plenum (not shown
in Figure 3.3.1): a perforated flow conditioning cone, a flow straightener comprised of honeycomb cross
section, and finally a mesh screen. These devices are used to smooth and straighten the incoming air
from the GDPL high pressure system.
The entire core section of the jet rig is supported by three aerodynamically shaped supports, which
also contain ports to allow probes to be inserted into the core section of the jet. An Omega CASS-
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Figure 3.3.1: Cutaway view of the coaxial jet rig within the AFT.
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116G-12 K-type thermocouple passes through one of the supports and protrudes 1/4in into the plenum
with the purpose of determining the total temperature of the jet. A static pressure port is also located
within a second support and connected to a Druck 4065-A276 pressure transducer rated to 50psig. Using
the isentropic relations it was found that the Mach number would be 0.12 (roughly 140ft/s) within the
plenum at the maximum operating condition investigated in this work. At these values the static and
total pressures will be within 1.8% of each other and the static and total temperature would be within
0.3% of each other. This validates the probe choices discussed above, especially when considering that
total temperature and pressure probes are highly intrusive devices which could lead to unwanted rig
noise.
The position of the test rig with the anechoic chamber was chosen based on acoustic testing. The
horizontal location of the rig was offset from the centerline to increase the maximum achievable radial
distance during far field measurements. The rig is also located 1.5m from the ground, roughly at the
vertical centerline of the anechoic chamber. The position of the rig can be seen in Figure 3.1.1 as indicated
by the nozzle schematic.
3.4 Data Acquisition
The data acquisition system consists of a high speed and a low speed combination, to allow for
example, measurement of microphone data and facility parameters simultaneously. The low speed system
consists of a National Instruments (NI) PXI-1036 chassis which is connected and controlled though a
desktop computer using an NI PXI-PCI8360 card. Several data acquisition cards are located within the
PXI chassis: an NI PXI-6225 16-bit analog input card for monitoring and recording facility parameters,
an NI PXI-8420 RS232 serial interface card for recording and monitoring atmospheric pressure as well
as to control traverse systems, and an NI PXI-8431 card for communication with measurement systems.
The high speed data acquisition system is located within the anechoic chamber to reduce possible noise
contamination from the long cable length. The system consists of: an NI PXI-1042Q chassis which was
chosen as it is rated to have acoustic emissions as low as 43dBA, an NI PXI-8360 to allow communication
with the computer within the control room, multiple NI PXI-4498 24-bit 204,800 samples/s cards for
microphone data acquisition, and an NI PXI-6221 16-bit analog input card for monitoring and recording
measurement parameters such as a laser Q-switch trigger.
In addition to the above described plenum temperature and pressure probes, a barometer as well as
a humidity and temperature transmitter are used to monitor atmospheric conditions. The barometer
is a Druck DPI 141 that has a precision of 0.01% FS. The humidity and temperature transmitter is a
Vaisala HMP233 which has precision of ±1% for relative humidity and ±0.1○C for temperature. All five
of these parameters (plenum pressure and temperature, atmospheric pressure, temperature, and relative
humidity) are monitored throughout an experimental test to ensure smooth operation. Additionally,
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the plenum pressure is limited to fluctuations of 1.5% and the plenum temperature of ±10○F , of their
respective target values to ensure validity of an experiment.
Furthermore, during fluidic injection tests, an average plenum pressure is measured using a second
Druck 4065-A276 pressure transducer. The injection mass flow rate is also measured upstream of the
annular plenum using a King Instrument Co. 42SCFM rotameter. The rotameter data is recorded
manually along with the injection air pressure and temperature to correct for compressibility effects.
3.5 Baseline Nozzle
As noted above, the focus of the current investigation is on reduction of jet noise from tactical
military aircraft. Specifically, the noise from an F/A-18 Hornet with GE F-404 engines (Figure 3.5.1).
The GE F-404 is a low-bypass ratio afterburning turbofan in which the dual stream flow is mixed before
entering the nozzle. Both engines are equipped with a variable area exhaust nozzle that consists of
movable petals that allow the nozzle to change the throat to exit area ratio. Each nozzle consists of
Figure 3.5.1: F/A-18 Hornet exhaust nozzle. Photography courtesy of M. A. Gallardo85.
twelve converging petals, twelve diverging petals, and twelve overlapping outer flaps. The petals are
typically flat in shape and linked together by hinges and articulation is achieved by hydraulic cylinders.
A seal is located between each set of petals with sliding capability to insure no leakage occurs during
operation. The resultant nozzle is nearly dodecagonal in cross-section. A more thorough description of
the realistic exhaust nozzles and the methodology behind variable area operation can be found in Walton
& Burcham86.
Simplifications to the nozzle geometry must be implemented to reduce the complexity, cost, and
manufacturing time to make scale testing practical. The first of which will be to assume the dodecagon
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Figure 3.5.2: Cutaway view of the nozzle contour, dimensions in inches.
cross section is instead circular. The second is to replace the variable area feature with a static nozzle
at fixed area ratio. Thirdly, a single nozzle will be studied instead of the twin configuration seen in
Figure 3.5.1. Finally, mixing of the exhausts from the core and fan will be ignored, with only a single
stream supplying the nozzle. These simplifications are typical of laboratory tests87–89 and the resulting
geometry is an axisymmetric bi-conic CD nozzle. In addition to the above geometric simplifications, the
GDPL’s air system limits the maximum possible nozzle size due to mass flow rate restrictions. Due to
this, the laboratory nozzle is approximately 1/8th scale of a full size nozzle.
The nozzle resulting from these simplifications can be seen in Figure 3.5.2. The nozzle has an exit
to throat area ratio of 1.180, which corresponds to a design Mach number of Md = 1.5. Several of the
important geometric factors other than the overall dimensions shown in Figure 3.5.2 are the sharp throat,
thin nozzle lip, and divergence angle. The radius of curvature at the throat of the nozzle was specified to
be zero, but machining processes limit this in actuality. The lip of the nozzle exit was specified to be as
thin as possible, as Norum70 showed that screech amplitude decreases with thinner nozzle lips. Finally,
the divergence half angle of the nozzle is very small at 2.25○, which results in a geometric efficiency
factor90 of 0.9996.
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Chapter 4
Experimental Procedures
4.1 Coordinate System
To ensure clarity, the coordinate system shown in Figure 4.1.1 will be used throughout this work.
This includes transforming the nomenclature of relevant theory to match this system. In this system
the origin is located on the jet centerline in the nozzle exit plane. The axial coordinate is z and the
horizontal and vertical coordinates are x and y respectively. For ease of use, velocities aligned with these
coordinates will be denoted using a subscript, for example the axial velocity aligned with the z axis is uz.
Due to the arrangement of the AFT, far field acoustic measurements are made in the horizontal plane.
Correspondingly, the observation angle, Ψ, is located within this plane, measured from the upstream jet
axis. The azimuthal angle, Φ, is located within the nozzle exit plane and is measured from the horizontal
axis.
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Figure 4.1.1: Nozzle with coordinate system used in the current study.
4.2 Operating Conditions
The over, ideally, and under expanded flow regimes are investigated throughout this work. Due
to the availability of previous experimental data acquired in the AFT, for example Munday et al.91,
the investigation primarily focuses on the previously studied set-points. Table 4.2.1 summarizes these
conditions, along with the relevant jet parameters defined in Chapter 2.
It is important to note that the NTR for all experiments is limited to unity. The choice of using an
unheated jet eases the experimental complexity. Furthermore, it has been shown that noise reduction
trends measured on cold jets follow those of hot jets, with the main differences appearing as reduced
high frequency penalty in the upstream quadrant and slightly reduced aft angle reduction when the jet
is heated92.
Additionally, a statement regarding the Reynolds number of the jets in reference to the quality of
noise experiments must be made. Viswanathan93 showed that a Reynolds number above 400,000 is
required to ensure that excess low frequency noise associated with low Reynolds number jets are avoided.
Table 4.2.1: Operating conditions.
NPR NTR Mj uj [m/s] Dj/Dd β Rej/106
2.50 1.00 1.22 373 0.94 0.87 2.60
3.00 1.00 1.36 403 0.96 0.64 3.17
3.67 1.00 1.50 433 1.00 0.00 3.93
4.00 1.00 1.56 444 1.02 0.42 4.30
4.50 1.00 1.64 459 1.04 0.66 4.85
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Table 4.2.2: Manufacturer provided device uncertainty.
Po [psi] To [K] P∞ [psi] T∞ [K] RH [%]±0.04 ±1.5 ±0.0025 ±0.1 ±1
The Reynolds number of even the lowest operating conditions is nearly six times the recommended limit,
indicated that low Reynolds number effects will not be present in the experimental results.
4.2.1 Experimental Uncertainty
The conditions shown in Table 4.2.1 are calculated from ideal values while, in reality, variation and
error in operation of the experimental rig causes deviation from the ideal. As stated above, throughout an
experimental test the facility parameters are monitored to ensure that the values are within 1.5% of the
target set point. Following the procedures outlined by the AIAA94;95, the acquired facility parameters
are post processed to determine the total uncertainty of each measured quantity. A summary of this
method is given below.
The uncertainty of a measured quantity x is defined in Equation 4.2.1, where Px is the precision limit
and Bx is the bias limit of the measurement.
Ux = √P2x + B2x (4.2.1)
As the name suggests, the precision limit indicates the level of fluctuation of the measured quantity. For
a confidence level of 95%, it is defined as two times the standard deviation of the measured quantity as
shown below in Equation 4.2.2.
Px = 2σ = 2¿ÁÁÀ N∑
k=1
(xk − x)2
N − 1 (4.2.2)
The bias limit incorporates all components of error pertaining to the measurement system, as well as any
other systematic errors introduced by operation of the experimental test rig. Calibrations of each sensor
are preformed to reduce the error caused by the measurement system, but operational errors cannot be
removed in this manner. Due to this, the bias limit is defined in this work following Equation 4.2.3, where
DU is the measurement device uncertainty, provided by the manufacturer and TU is the measurement’s
mean deviation from the target value. Bx = √D2U + T 2U (4.2.3)
The measurement device uncertainty, provided by their respective manufacturers, for each of the moni-
tored facility parameters is located in Table 4.2.2.
Figure 4.2.1 provides a graphical presentation of both the precision and bias limits of an example
plenum pressure data set taken during an acoustic test. The precision limit for this data set is roughly 0.04
psi and is offset above the target by approximately 0.35 psi. Combining the offset and measurement device
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Figure 4.2.1: Example of uncertainty quantities.
Table 4.2.3: Statistics of the uncertainty obtained from investigating all available data sets.
Target Po [psi] To [K] P∞ [psi] T∞ [K] RH [%]
NPR Mean STD Mean STD Mean STD Mean STD Mean STD
2.50 0.29 0.15 4.55 2.68 0.26 0.02 1.05 0.25 1.00 0.00
3.00 0.36 0.17 4.33 2.30 0.26 0.02 1.13 0.29 1.00 0.00
3.67 0.43 0.26 3.81 1.78 0.26 0.02 1.16 0.29 1.00 0.00
4.00 0.41 0.19 3.38 1.68 0.26 0.02 1.20 0.32 1.00 0.00
4.50 0.45 0.25 3.34 1.52 0.26 0.02 1.29 0.32 1.01 0.01
uncertainty shown in Table 4.2.2, results in a bias limit of 0.362 psi for this condition. Combination of bias
and precision limits using Equation 4.2.1 results in a total uncertainty of 0.371 psi for this measurement.
Table 4.2.3 details the uncertainty of each of the measured quantities. The presented values are
statistics that were calculated using the entirety of the data sets obtained throughout this work, roughly
200 data sets per NPR. The atmospheric quantities show very little deviation of uncertainty, indicating
errors are primary due to bias resulting from the measurement device uncertainty shown in Table 4.2.2.
Additionally, as the devices are highly accurate the uncertainty in measured quantities is low. On the
other hand, the plenum quantities possess higher uncertainty and uncertainty deviation. This is primarily
due to fluctuations in the air supply system resulting from automatic operation of the Fisher 667 HSC
regulating valve and set-point bias resulting from limited valve position resolution of the operator con-
trolled Fisher V-Ball regulator. Additionally, the lower accuracy of the measurement devices contributes
to the total uncertainty.
With the measured quantity uncertainty calculated, the uncertainty of the quantities derived from
the measured value, such as jet Mach number, can be obtained using the following methodology. A
derived quantity, d, is any variable determined using a theoretical equation, r, that requires input of
some number of measured quantities, x1, .., xN , such that d = r (x1, ..., xN). The uncertainty of this
36
Table 4.2.4: Statistics of derived quantity uncertainty.
Target NPR Mj aj [m/s] uj [m/s] a∞ [m/s]
NPR Mean STD Mean STD Mean STD Mean STD Mean STD
2.50 0.03 0.01 0.02 0.00 2.25 1.36 6.25 1.36 0.62 0.08
3.00 0.05 0.01 0.02 0.00 2.10 1.14 5.78 1.21 0.64 0.09
3.67 0.06 0.01 0.02 0.00 1.82 0.85 5.29 1.19 0.65 0.09
4.00 0.06 0.01 0.01 0.00 1.59 0.79 4.89 0.85 0.66 0.09
4.50 0.07 0.01 0.01 0.00 1.56 0.70 4.78 0.88 0.69 0.09
derived quantity is defined in Equation 4.2.4, where Uxi is the uncertainty of the measured quantity, xi.
Ur = ¿ÁÁÀ N∑
i=1 [ ∂r∂xiUxi]
2
(4.2.4)
For example, details of the NPR uncertainty are shown below in Equation 4.2.5.
UNPR =
¿ÁÁÀ(∂NPR
∂Po
UPo)2 + (∂NPR∂P∞ UP∞)2
= ¿ÁÁÀ(UPo
Po
)2 + (−Po ⋅ UP∞
P∞2 )
2
(4.2.5)
Table 4.2.4 presents results of the derived quantity uncertainty analysis. As was done for Table 4.2.3,
the shown values are statistical measures of the uncertainties computed from the entirety of the collected
data sets. Importantly, all of the mean uncertainties are low and the deviation of the means is also
low. The calculations that employ temperature measurements; aj , uj , etc., exhibit somewhat higher
uncertainty due to the lower precision of the employed measurement device. One of the most important
factors regarding the acoustic and flow field measurements, is the fully expanded jet velocity. Uncertainty
of the velocity due to operating condition propagates into the uncertainty of the velocity measured by
PIV as well as the acoustic amplitude measured by the microphones. The worst case uncertainty for the
jet velocity is at the highly overexpanded NPR of 2.5 with a mean value of roughly 6m/s. This translates
roughly into 1.6% of ideal fully expanded jet velocity, which is an acceptable level of uncertainty.
4.3 Acoustic Field Measurements
4.3.1 Acoustic Pressure Acquisition
Acoustic data was acquired through use of thirteen Bru¨el &Kjær (B&K) 4954B 1/4” free-field con-
denser microphones. This microphone model has a dynamic range of up to 159 dB, a certainty of 0.3dB
with 95% confidence, a reasonably flat response at high frequencies as shown in Figure 4.3.1, and has
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Figure 4.3.1: Free-Field response of B&K 4954B microphones.
Transducer Electronic Data Sheet (TEDS) capability allowing calibrations to be stored locally on each
individual microphone. Additionally, the preamplifier is welded to the microphone by the manufacture to
improve long term stability. To eliminate the need for correction, the microphone grid caps were removed
during testing. The thirteen microphones were directly connected to the NI PXI-4498 card described in
Section 3.4, using a custom 10-32 UNF to BNC conversion cable provided by B&K. The NI PXI-4498
card is TEDS configurable, which allows the calibration of each microphone to be recorded along with
the acquired data, easing the bookkeeping portion of data analysis. Calibrations were preformed using
a B&K type 4231 sound calibrator, which produces a 1kHz tone at 94dB ± 0.2dB. Throughout acqui-
sition, data is streamed to the DAQ computer to alleviate issues with filling the data buffer. This is
accomplished using the NI TDMS file format, as it encompass high speed streaming and saves calibration
information along with the data.
Each of the thirteen B&K microphones were positioned along a polar microphone array centered on
the nozzle exit with a radius of 47Dd. A schematic of this array is laid out in Figure 3.1.1 for convenience.
Twelve microphones were equally spaced along the array from 40○ to 150○ measured from the upstream
jet axis. The final microphone was located at 35○, instead of 30○ due to line of sight limitations caused
by the secondary flow introduction system.
4.3.2 Spectral Analysis
The primary function of spectral analysis is to determine the frequency content of the acquired
pressure data. This is achieved by computing narrowband spectra to resolve the discrete frequency
components of supersonic jet noise through use of the Fourier transform. Due to the nature of the
acoustic pressure measurements, the discrete Fourier transform (DFT) is used to this end. For a discrete
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set of data containing N points; xn, n = 1,2, ...,N , the DFT is defined as
DFT{xn} = Xk = N∑
n=1xn e
−i2pi(k−1)(n−1)
N (4.3.1)
where X is the transformed data and fk is the data’s corresponding frequencies. These frequencies are
determined from the measurement’s sampling frequency; Fs, as defined below in Equation 4.3.2.
fk = Fs(k − 1)
N
, k = 1,2, ...N (4.3.2)
Implementation of the DFT is accomplished using Matlab and in house written scripts. At the heart of
the codes is Matlab’s FFT function which applies the discrete Fourier transform following the method
of Cooley & Tukey96.
Creation of a narrowband spectrum from an acquired pressure signal requires several steps, the first
of which is loading the data and converting the measured voltages into pressures. Through use of the
TDMS file structure described above, this is accomplished in a single step. The next step is to estimate
the power spectral density (PSD) though use of the Bartlett method97. In the Bartlett method, the
total data set is subdivided into blocks of length, L, resulting in K = N/L independent subsets. The
purpose of the subdivision is to allow independent spectrum to be calculated, which are then averaged.
This ensures the variance of the averaged spectrum reduces when the amount of acquired data increases.
The block length, L, is chosen as a power of 2, in this case 4096, as it drastically reduces the number of
calculations required to determine the DFT. As the typical acoustic data set is 5 seconds in length, 250
data subsets are available for averaging. The independent spectra are calculated using the DFT, which
are then used to estimate the double sided PSD though averaging the K resulting spectra. A summary
of the above steps is shown below in Equation 4.3.3,
PSDk = 1
Fs ⋅L ⋅K K∑j=1Pj,k = 1Fs ⋅L ⋅K
K∑
j=1 ∣DFT {p (L[j − 1] + i)}∣2
i = 1,2, ..., L; k = 1,2, ..., L (4.3.3)
where p is the vector of acquired acoustic pressure. The double sided PSD is then converted to a single
sided PSD by discarding the second half of the data and multiplying the remaining data, excluding the
first point (DC component), by 2. This is done as the resulting PSD exhibits conjugate symmetry as the
input signal was real, indicating a duplication of information. Finally, the sound pressure level (SPL) of
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each frequency component is calculated by applying Equation 4.3.4, shown below
SPLk = 10 log10 ⎛⎝Fs/L ⋅ PSDkp2ref ⎞⎠ (4.3.4)
where Pref = 20µPa, to each of the resulting k PSD values. As the definition of the PSD includes fre-
quency resolution normalization, the sampling frequency divided by the subdivision length was included
in the numerator of Equation 4.3.4 for un-normalization purposes.
Once the above routine is complete, frequency dependent corrections of the calculated SPL are ap-
plied. These consist of the free field response correction (0○ incidence due to microphone arrangement),
shown above in Figure 4.3.1, and corrections for non-standard day atmospheric absorption. The atmo-
spheric absorption is calculated following the method of Bass et al.98;99 which is outlined in Appendix
A. Additionally, to facilitate the use of the similarity spectrum developed by Tam et al.40 the spectrum
are numerically propagated to one hundred diameters following the relations for spherical spreading of
sound. The recommendations of Viswanathan100 are also taken into account, such that, standard day
atmospheric attenuation is included in the propagation of the results to 100 diameters. This is done as
loss-less data were not used in creation of the similarity spectrum.
4.3.3 Overall Sound Pressure Level
In addition to the narrowband spectrum, the Overall Sound Pressure Level (OASPL) is an important
parameter to regard when studying noise reduction. There are several equivalent methods of calculating
the OASPL due the juxtaposition of acoustic data in the time and frequency domains, which are outlined
below.
A relationship between the time and frequency domains needs to be established, to show that the
OASPL can be calculated from data in either domain. This is done using the discretized form of Parseval’s
theorem, shown below in Equation 4.3.5.
N∑
i=1 ∣xi∣2 = 1N
N∑
k=1 ∣DFT{xi}∣2 (4.3.5)
Application of Parseval’s theorem to the RMS of the pressure time signal is shown below in Equation
40
4.3.6.
p2rms = 1N N∑n=1 ∣p(n)∣2
= 1
N
N/L∑
j=1
L∑
i=1 ∣p(L[j − 1] + i)∣2
= 1
N
N/L∑
j=1
1
L
L∑
k=1 ∣DFT{p(L[j − 1] + i)}∣2
= Fs
L
L∑
k=1
1
Fs ⋅L ⋅K K∑j=1 ∣DFT{p(L[j − 1] + i)}∣2
= Fs
L
L∑
k=1PSDk (4.3.6)
Equation 4.3.6 illustrates that the square of the RMS of the pressure time signal is equivalent to the
summation of the un-normalized PSD calculated using Bartlett’s method97 outlined above. With the
above relation established, the methods used to calculate the OASPL can be shown to be illustrated.
The simplest method involves calculating the RMS of the acquired acoustic pressure, normalizing
by the reference pressure (pref = 20µPa), squaring the result, and then taking the log of the result and
multiplying by ten as shown by the first line in Equation 4.3.7. Though this calculation is simple to
implement, it cannot take into account the frequency dependent corrections discussed above.
OASPL = 10 log10 (prmspref )
2
= 10 log10 ⎛⎝ Fsp2refL
L∑
k=1PSDk
⎞⎠
= 10 log10 ( L∑
k=1100.1SPLk) (4.3.7)
Inserting the result of Equation 4.3.6 into this definition of OASPL results in the second line of Equation
4.3.7. This result illustrates the method for calculating OASPL from frequency domain data, but as the
frequency dependent corrections are defined for sound pressure level an additional step is required. This
is shown in the third line of Equation 4.3.7, which was achieved by simply applying the definition of the
SPL (Equation 4.3.4) to the previous step.
As day-to-day variation of atmospheric properties need to be taken into account during the OASPL
calculations, this final method of calculation is solely used in this work. Additionally, as the corrected
sound pressure levels are already tabulated for independent use, the above relation is simple to apply.
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Figure 4.3.2: Atmospheric uncertainty.
4.3.4 Experimental Uncertainty
Following the example of Bridges & Brown101, four sources of acoustic uncertainty are accounted
for in the acoustic measurements. The first of which is the microphone calibration uncertainty due to
both the calibrators uncertainty (0.2dB) and the spectral response uncertainty (0.3dB) provided by the
manufacturer. Next, the uncertainty of the atmospheric attenuation correction introduced due to the
uncertainty of the the measured atmospheric pressure, temperature, and humidity, is quantified. As
the atmospheric correction is frequency dependent, so to is the uncertainty, as shown by Figure 4.3.2.
The higher frequencies are the most adversely affected, though it should be noted that largest calculated
atmospheric correction uncertainty is lower than 0.12dB. The final acoustic uncertainty that is considered
is the uncertainty due to operating condition uncertainty. In this work the uncertainty in OASPL due to
the operating set point uncertainty is defined by Equation 4.3.8, which was created using the methodology
behind recently developed scaling relationships47;52.
Uoaspl =
¿ÁÁÀ(Uuj 10nuj ln 10)
2 + (Ua∞ −10na∞ ln 10)2 (4.3.8)
In the above equation n is equal to the velocity exponent, originally considered to be 8 due to Lighthill’s
u8j scaling relationship, is taken to be 9.4. This was selected based on the largest exponent reported
in the work of Khavaran & Bridges52 for a temperature ratio of one jet. Table 4.3.1 summarizes the
above described uncertainties and indicates the total uncertainty in the last row. As seen the worst case
uncertainty is for the lowest NPR, which is a result of the elevated velocity uncertainty as seen in Table
4.2.4. These values are similar to the results presented by Bridges & Brown101, where an average error
of 0.67dB was reported.
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Table 4.3.1: Acoustic uncertainty.
NPR 2.50 3.00 3.67 4.00 4.50UOASPL [dB] 0.69 0.59 0.51 0.46 0.43UCal [dB] 0.20 0.20 0.20 0.20 0.20UMic [dB] 0.30 0.30 0.30 0.30 0.30UAtmo [dB] 0.12 0.12 0.12 0.12 0.12
Total [dB] 0.79 0.70 0.63 0.59 0.58
The above analysis is a worst case scenario and several repeatability studies have been performed to
better quantify the experimental variation. One of the studies that was performed was an investigation
of day-to-day variation. Figure 4.3.3a shows an example of the repeatability of far field acoustics from
data taken on three consecutive days. Each independently taken data set is denoted by a colored line
while, the mean is shown by a black line with the 95% confidence interval indicated by error bars. For
observation angles greater than 40○ the standard deviation of the OASPL values is in the range of 0.3dB,
but further upstream the value jumps to ±0.9dB.
Investigation of the spectral results was completed to determine if individual noise components could
be identified as contributing to the three fold increase in variation of OASPL at the most upstream
angle. This was completed by computing the standard deviation of each individual frequency component
of the acoustic spectrum, Figure 4.3.3b. A majority of the frequencies have a standard deviation lower
than one, however there is a peak with a value greater than 3, indicating significant oscillation. This
frequency and all other frequencies with standard deviations greater than one were located and then
superimposed on the mean spectral results as shown in Figure 4.3.3c. The large peak in standard
deviation corresponds to the screech tone frequency. Interestingly, the additional frequencies that were
identified are clustered around either the screech tone or the broadband shock associated noise peak or
their harmonics. Therefore, screech and to a somewhat less extent broadband shock noise oscillations
are responsible for upstream variation of OASPL. Similar studies (not shown) indicate that due to
the reduction of screech amplitude by noise reduction technologies, the upstream OASPL and spectral
results do not possess similar variability in amplitude. Therefore, the baseline results possess the largest
variability and can be used as a maximum error indicator.
Additionally, an investigation into the long term variability of acoustic results was performed. Figure
4.3.4 shows far field acoustic results for three sets of data that was taken roughly a year apart. An
upstream, sideline, and downstream observation angle are presented with the aim of showing repeatability
of the three main noise components. The agreement between all of the results is good, with the largest
deviations occurring at the fundamental and harmonic frequencies of screech. Excluding these frequencies
the results are within 1dB of each other, confirming the long term repeatability of the presented acoustic
results.
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(a) Day-to-day variation of OASPL. Black line indicates mean spectrum with error bars indicating 95% confidence.
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(b) Standard deviation of acoustic spectrum at Ψ = 35○.
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(c) Average spectrum at Ψ = 35○. Frequencies with Std > 1 highlighted.
Figure 4.3.3: Day-to-day acoustic repeatability. Baseline configuration. Mj = 1.5
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Figure 4.3.4: Annual acoustic data repeatability. Baseline configuration. Mj = 1.5
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Figure 4.3.5: Example of tone truncated acoustic spectrum. Mj = 1.3, Ψ = 40○
4.3.5 Tone Truncated Spectrum
The noise that results from full scale engine operation typically does not exhibit screech, even during
non-ideal operation.102;103 On the other hand, the laboratory scale nozzles used in this study have been
shown to exhibit screech across the entire operating range under investigation.25 Therefore, spectra
with numerically truncated screech tones were created in an effort to remove the effect of screech on
noise reduction, particularly OASPL values. Truncation is automatically performed using the following
methodology. First, all significant tones contained within a spectrum are located using peak detecting
routines based on the first derivative test. Next the located peaks are subjected to several conditions, such
as maximum amplitude relative to a local average, to ensure the peak is screech or a harmonic. Then the
frequency extent of the peak is determined, and finally the tone is replaced with a third order polynomial
for which the coefficients were determined such that the amplitude and slope of the polynomial would
match the corresponding values of the acoustic spectra at the extrema of the tone. This operation is
carried out for all observation angles due to the directivity of screech and the possibility of high amplitude
harmonics at non-upstream observation angles. The resultant spectra have been termed SPLt and the
integration OASPLt to represent the truncated nature of their calculation. An example of a truncated
spectrum compared to the original spectrum is presented in Figure 4.3.5 for the set-point know to exhibit
the largest amplitude screech. As seen, the truncations match the trends in the spectrum well and do
not drastically alter any of the spectral trends.
Figure 4.3.6 shows the comparison between the unmodified and truncated OASPL corresponding to
the data shown in Figure 4.3.5. In the regions dominated by screech, primarily upstream with a harmonic
at the sideline direction, truncation results in a large reduction in the OASPL, with the maximum
difference exceeding 8 dB. This is primarily due to the very large amplitude screech tone, which posses
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Figure 4.3.6: Effect of screech truncation on OASPL. Mj = 1.3
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Figure 4.3.7: Effect of screech truncation on OASPL. Mj = 1.56
a relative amplitude above 30 dB. As expected, outside the regions where screech is dominant there is
little change in the OASPL values, as there was limited-to-no tone to truncate at those locations.
Figure 4.3.7 was created to provide a counter example to that of Figure 4.3.6 and to illustrate
the importance of screech amplitude on the OASPLt calculation. A slightly underexpanded operating
condition was used in generation of the figure. Screech is exhibited at this condition, but the relative
amplitude is only 10 dB above the surrounding spectrum as compared to 30 dB for the overexpanded
condition presented above. The effect of truncation is greatly reduced for this operating condition, with
the maximum difference between the original and truncated values not exceeding 1 dB.
It should be noted that screech can affect the other components of noise. The presence of strong
screech tones has been shown to cause broadband amplification of jet noise in the range of 1-4dB.58;63;104
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Physical removal of screech using a noise reduction technology will also remove the broadband amplifi-
cation, while numerical truncation of screech will not affect this broadband amplification. Consequently,
direct comparison between spectra with screech removed empirically and numerically is not possible.
Consequently, unmodified OASPL results will be presented throughout this work as numerical trunca-
tion introduces additional uncertainty regarding the other noise sources.
4.4 Flow Field Measurements
The flow field measurements performed in this work consist of streamwise and cross-stream particle
imaging velocimetry (PIV).
4.4.1 Particle Imaging Velocimetry
PIV affords quantitative velocity and turbulence measurements with relatively large spatial resolu-
tion, at the expense of time resolution. In the current study these measurements were performed using a
LaVision Flow Master system. This system has the capability of taking both two dimensional and stereo-
scopic PIV (SPIV) measurements, both of which were used in the current study. The system consists of
two Imager Intense CCD 1 megapixel 12-bit cameras, a 120mJ dual pulse New Wave Research Nd:Yag
laser that outputs visible light with a 532nm wavelength, and a data acquisition computer. Each Imager
Intense camera was equipped with a fixed focal length Nikon lens (28mm, 32mm, or 50mm depending
on the setup), a 532nm wavelength filter, as well as a lens adapter that allowed micro adjustment of
the angle at which the lens was positioned. The purpose of these adapters was to take advantage of the
Scheimpflug principle which allows objects viewed from an angle to be kept in focus. To form the laser
sheet required by PIV, a cylindrical lens was used to spread the beam in a single direction and a spherical
lens was used to focus the beam to the desired thickness. The entire PIV setup was positioned on a three
axis traverse system that has an axial range of roughly 8 Dexit to allow multiple data set positions to be
acquired. Additionally, due to hardware data transfer limitations the maximum frequency of image pair
acquisition was 5Hz.
Flow visualization was accomplished through the use of olive oil tracer particles that were atomized
by custom build Laskin nozzles. The Laskin nozzles produce particles with diameters evenly distributed
roughly about 0.7µm as shown in Figure 4.4.1. The tracer particle diameter is an important factor in
determining if the particle follows the flow field or deviates due to inertia. Samimy & Lele105 found that
error in velocity measurements was linear with respect to the Stoke’s number and that particles with
a Stoke’s number of 0.2 resulted in a velocity error of 2%. The Stoke’s number is calculated following
Equation 4.4.1, where δω0 is the initial vorticity thickness (5mm in this case), ρp is the particle’s density
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Figure 4.4.1: Seeding particle diameter distribution. Data from Callender84.
(ρp = 800kg/m3 for olive oil), and dp is the particle’s diameter.
Stk = ρpd2p/18µ
10δω0/uj (4.4.1)
The worst case scenario corresponds to the condition with the highest jet velocity, where the Stoke’s
number was calculated to be 0.088. This indicates that the use of olive oil tracer particles created by the
Laskin nozzles is acceptable for all of the operating conditions, and that the induced velocity error due
to particle deviation will be low.
Care was taken to reduced laser reflections from contaminating the data. Laser masking and hard-
ware surface treatment consisting of a mat black undercoat and a Rhodamine-B suspension as the finish
treatment were used for this purpose. This allows the 532nm filters to remove a majority of the hard-
ware reflections due to the fluorescent nature of Rhodamine-B which emits light with a wavelength of
approximately 610nm.
The above discussion applies to both two dimensional and stereo PIV the setups. Due to the differing
requirements of the two methods the remainder of the setup details will be discussed independently below.
The two dimensional PIV mode of operation was used to measure flow features oriented in the axial
direction, such as shock cell spacing and potential core length. The basic layout of the setup used
for this measurement is depicted in Figure 4.4.2. The laser sheet was spread to encompass over five
diameters and was aligned with the jet centerline. Due to limitations in laser intensity and camera
resolution encompassing a larger portion of the jet was not possible. This limitation was overcome by
acquiring data at four independent positions along the jet axis, which increased the measurement region
to approximately twenty diameters in the axial direction. As out of plane tracer particle movement did
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Figure 4.4.2: Schematic of the streamwise PIV setup.
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not need to be measured, a spherical lens was used to focus the sheet in the measurement region to have
a waist of approximately 0.5mm. The two cameras were oriented perpendicular to the laser sheet to
reduce optical deformations, and spatially located such that the fields of view would slightly overlap. At
the furthest upstream position, the first camera was able to capture the entire jet, but due to the jet
spread the second camera was elevated to ensure the at least the top half of the jet was captured. At all
subsequent downstream measurement positions, the first and second cameras were elevated to the same
position. The time delay between laser pulses was variable based on the fully expanded jet velocity, but
values were selected such that the particle displacement was approximately half of the correlation window
width. Due to the large spatial extent of the field of view, the corresponding vector field resolution for
this measurement was roughly 2mm or 0.03Dd.
The three dimensional SPIV mode of operation was used to measure flow features oriented in the jet
cross section, such as cross-sectional shape and streamwise vorticity. A schematic of the hardware layout
is shown in Figure 4.4.3. The laser sheet was oriented perpendicular to the nozzle exit with a thickness of
approximately 2mm and width of roughly 3 diameters. The thickness of the sheet was chosen to increase
the number of particles that remained illuminated by each laser pulse and based on available optics. This
was primarily a function of the minimum laser time delay which was 1.5µs. The cameras were positioned
roughly 90○ relative to each other with a 45○ viewing angle to reduce measurement errors106. As noted
above, lens adapters were employed to insure the field of view was in focus even though it was viewed at
an angle. This setup allowed the entire jet cross section to be measured at a single location. The entire
setup was traversed to several downstream positions to allow the downstream evolution of quantities
such as streamwise vorticity to be measured. As the field of view for this measurement was smaller in
extent than the above method, the resolution of the vector fields was roughly 0.5mm or 0.007Dd.
4.4.2 Data Processing
Processing of the acquired image pairs was accomplished using LaVision’s DaVis software. Addi-
tionally, the DaVis program allows the raw data to be preprocessed and the calculated vector fields to
be post-processed and ensemble averaged. The typical processing routine for all acquired PIV was as
follows. First, the average of the entire data set was subtracted from the instantaneous images, replacing
typical background subtraction. This tends to remove the reflections and issues with laser intensity in
the instantaneous field and improve the calculated vector field. Next, an intensity normalization filter
was applied to the image again with the goal of improving vector calculation. This method of image pre-
processing is similar to that used by Deen et al.107 where it was shown to greatly improve the calculated
velocity data quality. Once the data was preprocessed, DaVis’ cross-correlation vector calculation routine
was performed using the following parameters. The multi-pass option of calculation was used to achieve
good spatial resolution without sacrificing accuracy at the cost of computational time. Typically a 64x64
pixel window with 50% overlap was used in the initial pass which was stepped down to a 16x16 pixel
window with a 50% overlap for the final iteration. Due to the nature of the flows studied in this work,
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Figure 4.4.3: Top view of the SPIV setup.
it was determined that non-square interrogation windows improved the calculations. For the streamwise
data an elliptic window with a 2:1 aspect ratio oriented in the jet flow direction was employed and for the
cross-stream data a circular window was used. Additionally, Lanczos reconstruction was used on the final
pass of vector calculation. After the completion of an iteration of the multi-pass algorithm, several post
processing routines were applied to ensure the results were realistic. This included an allowable velocity
range as well as a median filter to remove noise in the calculated velocity. These post processing routines
were also applied at the completion of the multi-pass process. Once each image pair was processed in this
manner, the entire set was ensemble averaged resulting in the time averaged velocity field. In the same
manner, the time averaged fluctuating velocity components were determined by subtracting the mean
from each instantaneous velocity field and ensemble averaging the result. Additional flow parameters,
such as vorticity and TKE, were then calculated from the resulting ensemble averages. In this work,
instantaneous PIV results were only used as a means to calculate the time average quantities due to the
low frequency resolution of the measurement.
4.4.3 Experimental Uncertainty
The experimental uncertainty of PIV measurements is still an active field108–111. As with the other
measurements discussed above, these uncertainties have been broken down into random (precision) error
and bias error. The random errors have typically been attributed to electronic noise in the CCD and
miscalculation of sub-pixel displacements.109 This error source has limited influence on the results pre-
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sented within this work as shown by a convergence study performed below. The bias error on the other
hand, does effect the time averaged results. There are many sources of PIV bias error, the two main
sources investigated in this work are measurement component and setup uncertainty, and pixel locking.
Measurement component and setup uncertainty was quantified by adapting the procedures and guide-
lines of the iTTC112 to the setups used in this work. Many sources of error were included such as, cali-
bration plate miss alignment, laser power fluctuations, and particle trajectory for example. The largest
source of error (98% of the quantified error) was found to be in the calculation of the particle displace-
ment. This error was primarily a result of the calibration error as determined by the rms between of the
camera field mapping function and the calibration plate. The worst case error for the setups used here
was approximately 26m/s. This results in roughly a 7% error in the fully expanded jet velocity for the
operating condition with the lowest jet velocity. Similarly, at this condition the error in rms fluctuating
velocity was estimated to be 15%.
The second bias error that was investigated was pixel locking. Pixel locking is the phenomena of the
calculated displacements tending towards integer multiples of the pixel spacing due to lack of resolution.
Values of the ratio of the diameter of a tracer particle as recorded by the camera to the resolution
of the CCD lower than 2 have been shown to indicate peak locking will be a significant factor in the
bias error.113 Following the methodology of Adrian114, this ratio was calculated based on the results in
Figure 4.4.1 and the optical setups discussed above. Due to the relatively large field of views used in this
work, the highest magnitude of any of the setups was calculated at 1.21. Therefore, pixel locking was a
significant factor in the bias error of the presented experimental results. Christensen109 showed that peak
locking had limited effect on the mean velocity, even in the conditions where peak locking was forced.
All other flow features were found to be sensitive to peak locking, and primarily showed underestimation
of the quantities due to downward rounding. For configurations where peak locking could not be avoided
(as is the case here), Christensen109 found that ensuring that the fluctuation component’s displacement
exceeded 1 pixel allowed accurate turbulent statistics to be calculated. For the results in the current
work, the average fluctuating displacements were on the order of 2 pixels, indicating that though peak
locking will occur its effect is mitigated in the time averaged fields. Based on the results of Pol &
Balakumar111, the error in fluctuating components due to pixel locking caused the relatively large field
used in these experiments was estimated to not exceed 5%.
With the bias errors defined and quantified, convergence of the mean was investigated to determine
the effect of random error on the calculated quantities. Following the methodology of Carr et al.110 the
random error (precision limit) associated with the mean velocity was calculated following Equation 4.4.2,
where σx is standard deviation and N is the number of image pairs in the data set.
Px = 2σx√
N
(4.4.2)
This equation was applied to each individual pixel as random error effects each differently.
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Figure 4.4.4: Example PIV velocity field and associated random error. Baseline configuration. Mj = 1.5
x/Dd = 0.5.
To illustrate this, an example velocity field and the associated error are presented in Figure 4.4.4.
This set of images corresponds to data taken with the baseline nozzle at a downstream location of
z/Dd = 0.5. As expected, the velocity results show an axisymmetric jet excluding the discrepancy in
the top quadrant. This discrepancy is a result of hardware reflections and was intentionally included in
Figure 4.4.4 to illustrate the negative effect of reflections. By performing the background subtraction
methodology discussed in the previous section the influence of the reflections on the velocity field will
be mitigated. The influence of the hardware reflections is also present in the calculated error and in fact
accounts for the largest error. Two other regions of elevated error also exist as seen in Figure 4.4.4b. The
first of which corresponds to the shear layer of the jet, as seen by the circular feature of approximately
a half diameter radius. Extra error in the shear layer is expected due to the relatively elevated levels
of turbulence in that region. In fact, the definitions of turbulent kinetic energy and velocity magnitude
error are proportional to each other. The second source of elevated error is located at the extreme left
and right of the error field. This source of error was caused by an inability to consistently fill those
portions of the field of view with tracer particles, as well as slightly misaligned lenses when regarding
the Scheimpflug principal. Though these elevated regions of error exist, the worst case precision error
for the mean velocity (in the region of hardware reflections) is roughly 0.03uj (at 95% confidence) and
in the shear layer 0.015uj (at 95% confidence). These results agree well with those presented by Carr
et al.110 who quoted a value of precision error equal to 0.02umax for a data set consisting of 800 image
pairs. In addition to precision of the mean, the precision of the rms fluctuating velocity was determined
based on the method of Carr et al.110 which indicated that error in velocity fluctuations was reduced by
54
−0.8 −0.6 −0.4 −0.2 0 0.2 0.4 0.6 0.8
0
100
200
300
400
500
St
re
am
w
ise
 V
el
oc
ity
 [m
/s]
y/Dd
 
 
Cross Stream
Streamwise
Figure 4.4.5: Validation of PIV data from independent experiments. Baseline Configuration. Mj = 1.5,
z/Dd = 0.5
a factor of 1/√2 when compared to the error of the mean. This results in a worst case error of roughly
0.02uj for the rms fluctuating velocity.
Considering all of the above described errors in the PIV results, it was determined that a worst case
estimate of error in velocity was 8% and 17% in rms fluctuating velocity.
In addition to quantifying the sources of error as described above, the independently acquired stream-
wise and cross-stream measurements allow validation in regions of overlap. Figure 4.4.5 provides example
streamwise velocity profiles from each of the measurements at half a diameter downstream of the nozzle
exit. Due to the relatively larger field of view of the streamwise measurements, the resolution is roughly a
quarter of the cross-stream measurement. Excluding the reduced resolution, the comparison is excellent
throughout the entire profile. The largest difference between the two measurements is located within the
high speed core region of the jet, with a magnitude of roughly 15m/s. This is equivalent to 3.5% of the
jet velocity, a value much lower than the worst case error of 8% quoted above.
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Chapter 5
Chevrons
5.1 Introduction
For a given noise reduction technology to be effective, each of the above mentioned noise sources must
be mitigated while imposing limited performance penalties. One of the most prominent noise reduction
technologies that is actively being researched to meet these goals is chevrons; triangular nozzle extensions
that protrude slightly into the jet flow. The conception of chevrons logically progressed from a blending
of tab and notched nozzle design methodology in an effort to alleviate the thrust loss of the former while
improving the flow and acoustic modifications of the latter.115 This was done simply by limiting the
device’s penetration and restricting the planform to triangular. Within the literature, chevrons are also
referred to as vortex generators, serrations, castellations, and sometimes notches and tabs as well.
The primary method chevrons achieve noise reduction is through introduction of counter rotating
streamwise vortex pairs. The dominant mechanism behind vorticity production was identified by Zaman
et al.116 as the circumferential pressure gradient generated by the penetration of the chevrons into the flow
field. The result is enhancing near nozzle jet mixing, in part due to the limited effect of compressibility
on streamwise vorticity as compared to spanwise structures116;117. Additionally, the introduction of
streamwise vortices at the nozzle exit easily modifies an axisymmetric jet’s initial conditions118 leading
to a disruption of the underlying vortex dynamics119. Consequently, the large scale structures responsible
for both aft angle peak mixing noise and shock associated noise (through interaction with the shock cells)
are inhibited at the expense of additional fine scale turbulence near the nozzle120–122. Furthermore, the
introduction of streamwise vortices leads to a reduction of the radial extent of the supersonic core, which
consequently shortens the jets shock cell spacing. This in-turn causes an increase in the peak frequency
of the broadband shock associated noise following Equation 2.3.8, which potentially results in increased
higher frequency noise.
The idea to extend the use of chevrons to military style nozzles for noise reduction purposes is not
56
a new concept.87;89;123–128In fact, chevrons are particularly attractive for military aircraft as they can
be integrated into the variable area nozzle’s divergent flaps which are finite life parts, thus allowing
them to be retrofit through regular maintenance. The primary challenge facing chevron introduction
into service is maximizing noise reduction during takeoff while limiting the incurred thrust penalties
throughout the entire mission. This is particularly difficult as the exhaust of military aircraft at takeoff
is highly overexpanded due to nozzle optimization occurring at altitude conditions.124;126 Not only does
the supersonic nature of the exhaust introduce shock associated noise sources, but it further complicates
chevron design due to flow contraction at the nozzle exit caused by the overexpansion. Consequently,
larger chevron penetration levels are required to appreciably affect the flow and noise fields.123–125;128
This required penetration increase directly raises the overall projected area, a parameter which has
been shown to be related to performance losses87. These difficulties aside, experimental results indicate
appreciable noise reductions. Seiner et al.87 studied the effect of penetration and number of chevrons
on a representative 1/10th scale model of an F/A-18 E/F aircraft exhaust nozzle. Their optimum
configuration achieved nearly a 2dB reduction in OASPL in the peak noise propagation direction with
an imposed thrust loss of only 1/2%. Burak et al.129 investigated the effect of forward flight on chevron
performance and found that chevron effectiveness reduces with increased flight Mach number. Maximum
OASPL reductions exceeded 3dB, with the primary gains in shock and screech noise. Small and moderate
scale experiments were compared by Kuo et al.123 and it was shown that once scaled, the data adequately
matched each other as long as the Reynolds number was large enough to insure a turbulent boundary
layer. Peak noise reduction was found to be around 2db OASPL, similar to previous results. Henderson
& Bridges124 measured the effect of chevrons on a moderate scale jet identified peak noise reduction of
4dB, though increases in shock associated noise accompanied these results. Martens and Spyropoulos126
were the first to demonstrate full scale noise reduction by chevrons at afterburner conditions. Noise
reduction was seen for observation angles less than 135○, with maximum reductions on the order of 2dB
OASPL.
One possible route towards mitigation of the induced performance penalties of chevrons is geometric
optimization, in particular the chevron’s penetration, length, and width. Consensus on the these pa-
rameters has not yet been reached, for example Martens & Spyropoulos126 and Henderson & Bridges124
indicate opposing length vs. noise reduction trends. Furthermore, several researchers87;123;124;126 found
that increases in penetration improved peak noise reduction in a manner similar to the previously ob-
tained subsonic results130. On the other hand, Tide & Srinivasan131 found that noise reduction was
negatively correlated with penetration in the supersonic flow regime. Opalski et al.132 and Bridges et
al.125 found that by roughly 2 diameters downstream of the nozzle exit, peak vorticity achieved identical
values independent of chevron design/initial condition, highlighting the difficulty of optimization. The
proximity of induced streamwise vortices was found to be detrimental to the enhancement of mixing,
and consequent noise reduction, by Behrouzi & McGuirk133. Additionally, they found the complexity of
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induced shock cell structure increased with streamwise vortex introduction in underexpanded jets, which
explains increased sideline sound levels measured by others124.
Another possible mitigation tactic is to reduce the number of chevrons while holding their geometry
constant. This introduces the parameter of chevron arrangement, in addition to number, towards which
limited investigation has been performed. This is primarily due to the faceted design of the variable area
exhaust nozzles. In particular, recent studies have limited investigation to sets of twelve chevrons which
encompass the entire nozzle perimeter due to the F404’s roughly dodecagon nozzle cross section. For
example, of the above mentioned studies, Seiner et al.87 was the only group which did not employ 12
chevrons and only a single chevron configuration was investigated. Arrangement has been investigated in
the past for chevrons applied to non-military style nozzles in both subsonic92, and supersonic131;134;135
jets. Bridges et al.92 found that periodic azimuthally spaced chevrons with asymmetric geometry were
detrimental to subsonic noise reduction when compared to chevrons with symmetric geometry and iden-
tical penetration. Additionally, increases in chevron number were shown to achieve appreciable low
frequency reductions without a high frequency penalty. Mengle et al.134 found that azimuthally varied
chevron penetration was beneficial for inflight passenger aircraft shock noise reduction. Additionally,
due to a lack of azimuthal periodicity, an azimuthal sound field was measured which required operating
condition dependent clocking (relative to the engine’s pylon) for optimal noise reduction. Finally, Tide &
Srinivasan131;135 investigated the effect of chevron number and asymmetry on sonic nozzles. They found
that increases in chevron number were beneficial, and chevron asymmetries improved noise reduction,
in particular shock associated noise, compared to standard chevron configurations at specific azimuthal
angles. These previous studies illustrate the benefits of investigating arrangement and further highlight
the possible shock noise benefits of non-azimuthally symmetric chevron configurations.
The objective of the current chapter is to investigate the effect of varying both chevron geometry
and azimuthal arrangement in an effort to improve chevron noise reduction and/or reduce the incurred
performance penalties. To this end, three sets of twelve individual chevrons with constant geometry
except for differing levels of penetration were constructed as outlined below in Section 5.2. Two in-
depth studies were undertaken to relate flow and acoustic field modifications. These consisted of an
investigation into the effect of chevron penetration in the standard twelve chevron arrangement (Section
5.3) and an investigation into the effect of arrangement while holding chevron geometry constant (Section
5.4). Additionally, a large far-field acoustic investigation was performed, which primarily encompassed
the effect of chevron number (Section 5.5), alternating penetration (Section 5.6), and the combination
of azimuthal asymmetry and alternating penetration (Section 5.7). Finally, a comparison of all of the
investigated configurations using high level metrics is made in Section 5.8 to determine if noise reduction
trends can be gleaned from the entire data set.
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5.2 Hardware
The main parameters necessary to define the geometry of a chevron are length, penetration, and
width (as defined in Figure 5.2.1). It is important to note that due to the conical diverging section of
the nozzle, penetration is not measured from the nozzle lip line. Instead, penetration is defined as the
normal distance between the fictitiously extended nozzle inner contour and the chevron tip. The chevron
length is also affected by this definition and is consequently defined as the distance between the nozzle
lip and the chevron tip, measured along the fictitiously extended nozzle inner contour. Other design
parameters such as the chevron profile shape have been shown to have some effect on noise reduction,
see for example Tide & Srinivasan135, but investigation of these geometrical effects are beyond the scope
of this work.
PENETRATION
LENGTH
NOZZLE
INNER
CONTOUR
FLOW DIRECTION
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FLOW DIRECTION
Figure 5.2.1: Schematic detailing the definition of chevron geometric parameters.
In addition to the geometric parameters discussed above, the number of chevrons is also a pertinent
parameter for noise reduction. In the past researchers who investigated the effect of number typically
modified the width of each chevron to ensure the chevrons encompassed the entire annulus of the noz-
zle92;130. In the present study, the chevron geometry is held constant and number is studied by simply
adding or removing the required chevrons. Unlike the past geometries, this method allows an increase in
distance between chevrons and consequently each induced vortex pair, which could have positive benefit.
In the current study, the maximum number of chevrons was limited to 12, which corresponds to the
number of nozzle petals as discussed above. Additionally, the investigation of non-azimuthally periodic
configurations introduces azimuthal orientation in relation to the measurement plane as an important
factor needed to be investigated. In general several azimuthal angles, Φ, of a given configuration were
investigated within this work as will be detailed in the individual sections for clarity.
To facilitate the measurement of multiple configurations and to allow azimuthal variation of pen-
etration, three sets of twelve individual chevrons were constructed, each set with progressively larger
penetration. The chevrons were constructed from plastic using a fused deposition modeling (FDM) rapid
prototyping machine. This allowed the complicated chevron geometry to be manufactured quickly and
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Figure 5.2.2: Photograph of a chevron manufactured by FDM.
Table 5.2.1: Geometric parameters of individual chevrons.
Config. Length/Dd Penetration/Dd Width[○] Projected Area Blockage
Low 0.2 0.04 30○ 0.26%
Med. 0.2 0.08 30○ 0.77%
High 0.2 0.12 30○ 1.30%
for two magnitudes less cost than equivalent parts made using traditional manufacturing. An example
of an individual chevron can be seen in Figure 5.2.2.
The geometric specifics of each of the three chevron configurations are located in Table 5.2.1. The
three values of penetration were selected to be multiples (1, 2, & 3) of the shear layer thickness, previ-
ously measured by Munday et al.91. Consequently, the individual sets of chevrons are denoted “low”,
“medium”, and “high” throughout this work due the their respective penetration levels. All of the other
geometric specifics, particularly width and length, are held constant across all three chevron configura-
tions. This design methodology was chosen due to the results presented by Henderson & Bridges124,
which indicated penetration was the most important factor for noise reduction.
Investigation of azimuthal arrangements is simply achieved by attaching each of the required chevrons
to one of twelve equally spaced fastener locations that were machined into the exterior of the bi-conic
nozzle. Due to the large number of possible arrangements, a subset of configurations were selected to
be investigated. Four main configuration groups were selected to be investigated, examples of each are
presented in Figure 5.2.3. The approach behind the first configuration group (Figure 5.2.3a) is to reduce
the number of chevrons as compared to the standard 12. Increasing the physical space between the
induced counter rotating vortex pairs could have the beneficial effect of increasing the persistence or
magnitude of the vortices. Additionally, the trade off between number and penetration at similar thrust
penalty can be studied (i.e. are three high penetration chevrons better than six medium penetration
chevrons?). The second group of configurations involves clustering the chevrons at opposite sides of the
nozzle (Figure 5.2.3b). The rationale behind this configuration is to modify the cross section of the jet
from circular to elliptic to achieve the additional reductions seen by elliptic jets. The third configuration
group, Figure 5.2.3c, was conceived to mimic a beveled or scarfed nozzle. These nozzles have shown
noise reductions in the peak jet noise propagation direction in the range of 3dB136 with limited-to-no
performance penalties. The final configuration group involves azimuthally alternating the penetration of
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(a) Symmetric arrangement. (b) Clustered arrangement.
(c) Beveled arrangement. (d) Alternating penetration.
Figure 5.2.3: Example of investigated chevron configurations.
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Table 5.2.2: Reduction in chevron penetration during experimental operation normalized by Dd.
NPR Low Med. High
2.5 0.0014 0.0070 0.0084
3.0 0.0028 0.0098 0.0162
3.6 0.0042 0.0154 0.0260
4.0 0.0056 0.0183 0.0291
4.5 0.0070 0.0197 0.0373
the chevrons, illuminated by the alternating color in Figure 5.2.3d. This idea was originally tested and
found to be beneficial in commercial aircraft applications134. Though 12 chevrons are shown in Figure
5.2.3d, alternating penetration can be combined with the any of the other three configuration groups.
As the rapid prototyped chevrons were constructed from plastic, it was expected that the in situ
penetration would deviate from the ideal penetration due to bending caused by the impingement of the
jet on the chevrons. To determine the extent of bending, a laser sheet was shone on the chevron and the
tip’s average position was recorded using a camera while the experimental rig was in operation. This
was repeated for all of the operating conditions as the chevrons experienced different pressures due to
the expansion level. Additionally, the baseline penetration was recorded when the experimental rig was
not in operation. The change of penetration in situ was then determined by subtracting the tip location
in the baseline images from the location during operation, the results of which are located in Table 5.2.2.
As expected, the in situ penetration is affected at all operating conditions and the extent of change
increases roughly linearly with nozzle pressure ratio. Furthermore, the reduction in penetration at a
fixed operating condition increases from the low to high configuration confirming the effect results from
jet impingement.
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5.3 Effect of Penetration
5.3.1 Introduction
The current section pertains to the investigation of chevron penetration’s effect on the flow and
acoustic field of supersonic jets independent of other geometric parameters. This line of investigation was
undertaken based on previous studies which indicated that penetration level had the highest derivative
in terms of noise reduction, with typical reductions in the 2-3dB OASPL range. As was noted above,
several researchers87;123;124;126 identified increases in penetration to be beneficial to noise reduction,
while others131 identified opposing trends. Consequently, the goal of this section is to establish the
effect of chevron penetration in both the over- and under- expanded regimes such that the more exotic
configurations planned to be investigated can be discussed with relation to the level of chevron penetration
employed. Therefore, the three sets of twelve chevrons with varying penetration described above, were
compared to the unmodified baseline nozzle’s flow and acoustic fields. The results presented within this
section were previously published under two independent studies pertaining to the flow field Heeb et
al.137 and the acoustic field Heeb et al.138. These works have been collated herein, with permissions, for
the previously mentioned purposes.
5.3.2 Flow Field
Velocity measurements were acquired at streamwise and cross stream planes to characterize features
aligned and perpendicular to the jet axis, such as shock spacing and circumferential structures respec-
tively. Due to the rapid decay of streamwise vorticity, the cross stream measurements were focused on
the near nozzle region, while the streamwise measurements were extended to roughly 19Dd in order to
capture the entire potential core length.
To assess the effect of chevrons on the flow field, comparison of the spatial evolution of jet cross
section, as shown in Figures 5.3.1 & 5.3.2 for the overexpanded Mj = 1.22 and ideally expanded Mj = 1.50
conditions, was performed. These figures are arranged such that the baseline configuration is located in
the upper left quadrant and in each consecutive quadrant, progressing clockwise, the chevron penetration
is increased. The comparison for the overexpanded condition shows a nearly axisymmetric baseline jet
which is relatively unchanged by the addition of the low penetration chevrons. The limited effect of the
low penetration chevrons is linked to insufficient effective penetration resulting from the overexpansion
and consequent inward turning of the flow.125;128 Further increase in chevron penetration results in large
crenelation of the jet shear layer, the radial extent of which is correlated with the penetration level.
These crenelations, or jetlets139, evolve and reduce with downstream propagation due to mixing, but
are discernible at locations up to z/Dj = 3.0. Asymmetries due to the medium and high penetration
chevrons are visible at z/Dj = 4.0, but further downstream at z/Dj = 6.0 the jet cross sections are nearly
indistinguishable with only a slight crenelation caused by the high penetration chevrons. The comparison
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(i) Contour Scale.
Figure 5.3.1: Cross-sectional velocity magnitude evolution. Quadrants depict the baseline, low, medium,
and high penetration vortex generators progressing clockwise from the upper left, respectively. Mj = 1.22.
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Figure 5.3.2: Cross-sectional velocity magnitude evolution. Quadrants depict the baseline, low, medium,
and high penetration vortex generators progressing clockwise from the upper left, respectively. Mj = 1.50.
of the ideally expanded operating condition (Figure 5.3.2) indicates appreciable crenelation of the shear
layer by all three chevron configurations. The radial expulsion of fluid produced by the low penetration
chevrons is shorter in radial distance, but larger in azimuthal extent than either the medium or high
penetration chevrons. This arrangement allows the induced crenelations to coherently persist longer in
the downstream direction as seen at z/Dj = 2.5. Asymmetries exist for the medium and high penetration
chevrons downstream of z/Dj = 2.5, though the typical jetlet pattern is washed out by z/Dj = 4.0 for all
configurations. Similar to the overexpanded condition the low and medium penetration chevrons display
nearly axisymmetric cross sections by z/Dj = 6.0, while a non-circular flow field is still present for the
high penetration configuration.
As the gross effect chevrons have on axial jet features, in particular the shock cell structure, are not
determinable using the cross stream measurements, streamwise contours of time mean axial velocity and
axial fluctuating velocity are presented in Figures 5.3.3 & 5.3.5. In both figures, the mean velocity is
65
located in the top half of the figure and the fluctuating velocity is located in the lower half. Additionally,
due to the complex flow features located in the near nozzle region enlarged velocity flow fields are
presented in Figures 5.3.4 & 5.3.6.
One of the most noticeable features of the baseline overexpanded jet is the large Mach disk and cor-
responding slip lines located near the jet centerline (sub-figure 5.3.4a). Additionally, the shock pattern
does not display the typical double diamond structure of conical nozzles due to coalescence of the indi-
vidual diamonds, as was shown for example in Munday et al.91. The fluctuating velocity of the baseline
jet illustrates a turbulence distribution which grows with downstream position and which peaks near the
end of the potential core. The maximum value is approximately 17%, which corresponds well with the
results of Bridges et al125 at a similar operating condition. As expected from the above cross stream
results, the low penetration chevrons have limited effect on the velocity field though a slight decrease in
peak turbulence is observed. On the other hand, the medium penetration chevrons drastically affect the
flow field. The shock cell spacing is reduced, the centerline Mach disk strength is reduced, the initial
spread rate of the jet is increased, and finally a large area of increased turbulence is generated in the
near nozzle region while the downstream peak levels and radial extent are reduced. The high penetration
chevron results follow the results of the medium chevrons, but to a more drastic level. The primary
difference between the two is the large secondary turbulent structure related to the expulsion of fluid
between the individual chevrons and an increased downstream peak turbulence level.
The ideally expanded baseline flow field, Figure 5.3.5, displays the typical double shock diamond
pattern though the large centerline Mach disk is no longer present (sub-figure 5.3.6a). Additionally, the
region of high turbulence is increased in axial and radial extent along with a slight increase in peak
amplitude (19%). The low penetration chevrons appreciably affect the flow field at the design condi-
tion; the shock cell spacing is reduced, the initial centerline Mach disk strength is increased, secondary
flow features are introduced due to expulsion of fluid between the chevrons, the upstream spread rate is
increased, near nozzle turbulence levels are increased in radial extent and amplitude, and finally down-
stream turbulence levels are drastically reduced. As discussed above, the drastic increase in the low
penetration chevron’s ability to affect the jet at the ideally expanded condition is due to the increase
in effective penetration. The medium penetration chevrons introduce similar flow features as the low
penetration chevrons. The primary changes are introduction of a complex shock structure, increased cen-
terline Mach disk strength, upstream turbulence, and upstream spread rate, and decreased downstream
turbulence and shock strength. Finally, the high penetration chevrons further complicate the shock cell
structure and shorten its spacing, the expulsion of fluid through the chevrons is of much higher velocity
and the corresponding turbulence is increased, and the downstream turbulence levels are increased com-
pared to the medium penetration chevrons. Additionally, the application of any of the chevrons appears
to have increased the potential core length compared to the baseline. This is possibly due to screech
reducing the potential core length of the baseline, as originally outlined by Glass21, a feature which will
be investigated further below.
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Figure 5.3.3: Contours of mean and fluctuating axial velocity acquired in plane with the chevron valleys.
Mj = 1.22.
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Figure 5.3.4: Enlarged view of the near nozzle mean velocity field presented in Figure 5.3.3. Mj = 1.22.
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Figure 5.3.5: Contours of mean and fluctuating axial velocity acquired in plane with the chevron valleys.
Mj = 1.50.
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Figure 5.3.6: Enlarged view of the near nozzle mean velocity field presented in Figure 5.3.5. Mj = 1.50.
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Figure 5.3.7: Radial profiles of axial velocity at several downstream locations. Mj = 1.22. Filled symbols:
vortex generator tip profile. Open symbols: vortex generator valley profile.
70
0.0 0.5 1.0
0.0
0.2
0.4
0.6
0.8
1.0
r/
D
j
uz uj
−1
 
 
Base
Low
Med
High
(a) z/Dj = 0.5.
0.0 0.5 1.0
uz uj
−1
(b) z/Dj = 1.5.
0.0 0.5 1.0
uz uj
−1
(c) z/Dj = 2.5.
0.0 0.5 1.0
uz uj
−1
(d) z/Dj = 4.0.
0.0 0.5 1.0
uz uj
−1
(e) z/Dj = 6.0.
Figure 5.3.8: Radial profiles of axial velocity at several downstream locations. Mj = 1.50. Filled symbols:
vortex generator tip profile. Open symbols: vortex generator valley profile.
Comparison of radial profiles of axial velocity at several downstream positions are presented in Figures
5.3.7 & 5.3.8 to quantitatively enhance the comparisons given above. In each of the figures the data was
extracted from the streamwise PIV results, and the open symbols correspond to data taken in the valley
plane of the chevrons, while the filled symbols correspond to the tip plane. Additionally, only every fourth
data point is presented to ease viewing. Cross stream SPIV baseline results are also included as a solid line
to validate the independently acquired results. As seen, the comparison between the two measurements is
excellent. Deviations are seen near the centerline in the slip portion of the jet, which is in part due to lack
of resolution of the streamwise measurement. Additionally, it is possible that due to the unsteady nature
of supply system the Mach disk is not always present per the work of Irie et al.140 and consequently the
time average results could display large difference in the slip line region. As expected from the above
contour plots the low penetration chevrons have almost no effect on the baseline velocity field at the
overexpanded condition (Figure 5.3.7). Near the nozzle exit, the medium penetration chevrons slightly
modify the jet radius by decreasing the width in the tip plane and increasing the width at the valley plane.
The high penetration chevrons perform in the same manner, but with larger modifications. Progressing
downstream, the velocity profiles become more similar and by z/Dj = 2.5 there are limited differences,
indicating the jet is nearly axisymmetric. Though axisymmetric, the medium and high penetration
chevrons still increased jet spread up until the axial location of z/Dj = 6.0 where all four profiles are
nearly identical. Similar results are shown for the ideally expanded operating condition (Figure 5.3.8)
except that the low penetration chevrons have an effect on the baseline flow field, particularly at the
upstream positions.
Comparisons of the axial turbulence distributions are presented in Figures 5.3.9 & 5.3.10 in a similar
manner to the velocity profiles given above. Due to inconsistent tracer particle distribution in the ambient
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Figure 5.3.9: Radial profiles of axial turbulence intensity at several downstream locations. Mj = 1.22.
Filled symbols: vortex generator tip profile. Open symbols: vortex generator valley profile.
flow field artificially inflating the fluctuating velocity, the profiles have been truncated at positions where
the axial velocity was lower than 10 m/s. Again, as expected, the effect of the low penetration chevrons on
the overexpanded jet are minimal. The medium and high penetration chevrons increase the near nozzle
amplitude and radial extent of high turbulence, both inward and outward, compared to the baseline jet.
Additionally, the location of maximum turbulence is moved radially outward in the valley plane. This
effect is somewhat reduced by z/Dj = 2.5 where the peak value of turbulence is roughly the same for
all configurations. Further downstream the baseline and low penetration chevrons have slightly higher
peak turbulence values, though the profiles are roughly the same shape. Results are again similar for the
ideally expanded case except that the difference between the downstream peak levels is increased and the
low penetration chevrons have an effect similar to the higher penetration configurations. The increase in
bulk turbulence upstream and decrease down stream by chevrons is attributed to increased small scale
production near the nozzle resulting in reduced large scale structure overall energy and growth rate which
in turn reduces the bulk turbulence downstream120–122.
The complexity of the shock cell/Mach disk system makes direct comparison of the centerline profiles
of the different configurations difficult as seen in Figure 5.3.11. In Figure 5.3.11 the velocities were
normalized by the mean axial velocity within the potential core and the axial coordinate was normalized
by the potential core length, the determination of which will be outlined below. As was discussed above,
the examined overexpanded conditions (Figure 5.3.11a & 5.3.11b) exhibit a single shock cell structure as
is apparent from the centerline profiles. On the other hand, the double shock diamond structure extends
through roughly half of the jet potential core at the ideally and under expanded conditions. Afterwords,
a single shock structure persists past the end of the theoretical potential core termination. Reductions
in shock strength and spacing are apparent though visual comparison of the amplitude and frequency of
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Figure 5.3.10: Radial profiles of axial turbulence intensity at several downstream locations. Mj = 1.50.
Filled symbols: Vortex generator tip profile. Open symbols: Vortex generator valley profile.
velocity fluctuation at the most overexpanded condition. Qualitative comparison of the other operating
conditions is inconclusive. Consequently, the axial profiles were used to quantitatively determine shock
cell spacing, shock strength, and potential core length as outlined in Figure 5.3.12.
The potential core length was extracted by least squares fitting a slightly modified profile developed
by Lau et al.20, shown below in Equation 5.3.1, to the measured centerline velocity.
uz (z) /um = ⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩
1 z ≤ zc
1 − exp ( α1−z/zc ) z > zc ∶ α = 1.5, um = uz (z ∈ [0, zc]) (5.3.1)
The modification involves the inclusion of the um term, which accounts for the non-constant velocity
within the potential core due to shock waves and non-ideal expansion. The minimum coefficient of
determination of all of the least squares fits was 0.96, indicating excellent agreement with Lau et al.’s20
profile. With the appropriate fit determined, the potential core length was easily found as indicated by
the square in Figure 5.3.12.
The result of completing this routine for all available streamwise data is shown in Figure 5.3.13.
Additionally, the potential core length prediction of Lau et al.20, shown below in Equation 5.3.2, was
included for comparison purposes.
zc(Mj)
Dj
= 4.2 + 1.1Mj2 (5.3.2)
The prediction closely follows a majority of the data and captures the trend of increasing zc with Mj
well, though the baseline jet at both the Mj = 1.36 & Mj = 1.50 conditions significantly deviates from
the profile. As noted above, this is attributed to large amplitude jet column undulation associated with
73
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
0.8
1
z zc
−1
u
z
u
m
−
1
 
 
Base.
Low
Med.
High
(a) Mj = 1.22.
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
0.8
1
z zc
−1
u
z
u
m
−
1
 
 
Base.
Low
Med.
High
(b) Mj = 1.36.
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
0.8
1
z zc
−1
u
z
u
m
−
1
 
 
Base.
Low
Med.
High
(c) Mj = 1.50.
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
0.8
1
z zc
−1
u
z
u
m
−
1
 
 
Base.
Low
Med.
High
(d) Mj = 1.56.
Figure 5.3.11: Centerline profiles of axial velocity normalized by the mean centerline velocity within the
potential core. The axial coordinate is normalized by the potential core length.
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Figure 5.3.12: Centerline quantity determination. Circles correspond to local velocity maximums. Dia-
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Figure 5.3.13: Potential core length as a function of fully expanded Mach number. The empirical relation
of Lau et al.20 is provided for comparison.
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Figure 5.3.14: Evolution of shock cell spacing with fully expanded jet Mach number. The Prandtl-Pack28
and the Norum & Seiner31 relations are provided for comparison.
screech as noted by Glass21 and more recently Bridges & Wernet141. The comparison of the chevron
results to the prediction of Lau et al.20 indicates a limited effect in terms of potential core length change,
as compared to the effect of screech. This possibly explains the conflicting reports of shortening125;132;142
and lengthening87;128 of the potential core by chevrons in the supersonic regime, i.e. reduction of screech
by chevrons opposes the effect of increased mixing which in turn allows and increase or decrease in zc
depending on the severity of the individual effect.
The shock cell spacing was also determined from axial velocity profiles following the method outlined
in Heeb et al.143. This involves finding all of the axial locations corresponding to local peak velocity
values, as shown by the circles in Figure 5.3.12, subtracting subsequent locations, and then averaging to
determine the mean shock cell spacing. Due to difficulty determining local maximums near the end of
the potential core, only the first 7 shock cells were used to determine the mean length. The results of
this calculation are shown in Figure 5.3.14. The theoretical Prandtl-Pack28 vortex-sheet model, shown
below in Equation 5.3.3,
Ls
Dj
= pi
µ
√
M2j − 1 (µ = 2.405) (5.3.3)
was also included for comparison purposes. Additionally, the relation between fully expanded jet Mach
number and average shock spacing developed by Norum & Seiner31 for CD nozzles, shown below in
Equation 5.3.4, was compared to the measured values.
Ls
Dj
= a (Mj2 − 1)b/2 ; a = 1.1 & b = 1.17 (5.3.4)
The comparison with Norum & Seiner31 very closely follows the baseline data, with only a small deviation
in the underexpanded regime. Prandtl-Pack28 on the other hand, over predicts the shock spacing by
roughly 20%, a limitation which has been documented in the past32;91;143.
The results presented in Figure 5.3.14 indicate that chevrons reduce shock cell spacing at all operating
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Figure 5.3.15: Average shock strength as a function of fully expanded jet Mach number. The shock
strength characterization parameter of Tam33 is provided for comparison.
conditions. Additionally, a trend of reducing shock cell spacing with increases in penetration occurs across
all observed jet Mach numbers, though in a non uniform manner. Similar results were shown by Tide
& Srinivasan131 for sonic nozzles. The reduction of shock spacing is expected to result in increases in
the BSAN peak frequency per the relation proposed by Tam et al.32 as will be validated in the acoustic
section below.
Finally, the shock strength was estimated using the centerline velocity profiles. In this work shock
strength is defined as the difference between the upstream velocity maximum and downstream minimum
velocity divided by the fully expanded jet velocity (u1 − u2)uj−1. An example of the velocity maximums
and minimums are indicated by the circles and diamonds in Figure 5.3.12 respectively. The effect of
vorticity magnitude on average shock strength for the available jet Mach numbers is located in Figure
5.3.15. Additionally, a slightly modified shock strength characterization parameter (Equation 5.3.5)
originally developed by Tam33 was included for comparison purposes. The modification to the original
parameter is in the form of an additive constant used to account for the non-ideal expansion of the flow
field and the consequent shock structure at the nozzle’s design condition. A good comparison between the
baseline’s shock strength and the characterization parameter is achieved in the moderately imperfectly
expanded range, while the highly overexpanded condition is over predicted. A possible explanation
for the over prediction is particle lag through the Mach disks reduces the measured velocity gradient
which consequently lowers the calculated shock strength.144–146 Investigating the effect of vorticity on
the calculated shock strength indicates a reduction for all investigated cases. In the overexpanded regime,
increases in vorticity magnitude improve shock strength reductions, while in the ideally/under expanded
regimes lower values are optimal in terms of shock strength reduction. This switch in efficacy is attributed
to the generation of complex shock structures (Figure 5.3.6) as was discussed above.
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Figure 5.3.16: Normalized jet half width development. Filled symbols: vortex generator tip profile.
Open symbols: vortex generator valley profile.
A
2 =
⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩
[(Mj2−Md2
1+ γ+1
2
Mj
2)2 ( DDj )2] [1 + 3(Mj2−Md21+ γ+1
2
Mj
2)3]−1 + c Mj −Md ≤ 0
[(Mj2−Md2
1+ γ+1
2
Mj
2)2] [1 + 6(Mj2−Md21+ γ+1
2
Mj
2)5]−1 + c Mj −Md ≥ 0 (5.3.5)
In addition to the above quantities, an investigation of spread rate characteristics was performed
using the streamwise velocity data. Each of the metrics used in Schadow et al.147 were computed and
it was determined that the jet half width, r1/2, best illustrated the effect the chevrons had on the flow
field. The jet half width for all operating conditions and configurations is located in Figure 5.3.16. Due
to the high number of axial data points, only every tenth point was included to ease visualization. The
axial location in the figure was nondimensionalized using the axial sonic point location calculated using
the theoretical relation of Zaman148, shown below in Equation 5.3.6.
zsonic
Dj
= 7 + 1.2Mj2 (5.3.6)
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This nondimensionalization was chosen as it segregates the developing and asymptotic jet spread regions
to the left and right of unity respectively. The results follow similar trends to the half width presented
by Schadow et al.147, but due to the mismatch in jet Mach number the rates are not directly comparable
as rate decreases with Mach number148. Excluding near the nozzle, the effect of the chevrons on the
jet half width and consequently spread rate inside the developing region is limited. The near nozzle
effects are limited to z/zsonic < 0.25 or z/Dj < 3.0, where the expulsion of fluid in between the chevrons
is manifested as an increase in half width and a slight decrease in half width results from the presence
of the chevron tip. Furthermore, operating conditions without a large change in potential core length as
shown in Figure 5.3.13 (Mj = 1.22 & 1.56), posses asymptotic spread rates that are unchanged (within
9%) due to the effect of chevrons. On the other hand, the application of chevrons roughly halves the
spread rate for conditions with large potential core length changes.
Finally, integration of the fluctuating axial velocity over the streamwise cross sections was completed,
as the metric is related to mixing noise source strength149. The results of this effort are located in Figure
5.3.17, where the integration has been normalized by the fully expanded jet velocity and diameter. As
was done above, only every tenth data point was included for clarity. The most noticeable features of
these profiles are the large amplitudes of the baseline profiles at the Mj = 1.36 & 1.50 conditions, which
is again attributed to the undulation of the jet column due to screech. For nearly all configurations, the
integrated turbulence is increased as compared to the baseline in the near nozzle region. Additionally,
the effect roughly increases with penetration. In the downstream region the effect is reversed, with the
baseline possessing the largest amplitudes which reduce with increased chevron penetration. Bridges &
Khavaran125 showed similar results for an overexpanded jet, and noted that the modifications would
result in reduced noise sources aft of the potential core and increased ones near the nozzle. It is therefore
expected that the downstream peak noise amplitudes will be reduced due to inhibition of large scale
growth by the chevrons at the expense of an increase in high frequency noise due to increased small scale
production.
All of the above discussed flow field modifications were achieved by introduction of counter rotating
vortex pairs into the core of the jet by the chevrons. Visualization of the normalized streamwise vorticity
near the nozzle is presented in Figure 5.3.18 for the baseline and chevron configurations at an overex-
panded and ideally expanded operating condition. For reference, the angular location of the chevron tip
is highlighted by a point and the nozzle exit is illustrated as a dashed line. Additionally, an individual
vortex pair for each of the chevron configurations was isolated and enlarged in Figure 5.3.19 to aid in
visualization. As seen, each individual chevron introduces a counter rotating vortex pair, even the low
penetration chevrons at the overexpanded condition though with a low magnitude. In the overexpanded
condition, penetration is directly correlated with maximum vorticity and vortex size, explaining the ob-
servation made above about crenelation size. Due to the spatial extent of the vortices generated by the
high penetration chevrons there is limited azimuthal space for vortex growth. This leads to the highly
elongated vortex shape and the relatively high speed expulsion of fluid, as indicated by the vectors at the
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Figure 5.3.17: Integrated axial turbulence development normalized by the fully expanded jet diameter
and velocity.
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Figure 5.3.18: Contours of streamwise vorticity in a cross stream plane at z/De = 0.5. Quadrants depict
the baseline, low, medium, and high penetration vortex generators progressing clockwise from the upper
left, respectively.
top and bottom of sub-figure 5.3.19c. Additionally, due to limited space, interaction between vortex pairs
occurs resulting in reduced vortex persistence and peak magnitudes downstream, as will be discussed
below. The ideally expanded configuration does not show the same correlation between penetration and
vorticity, with all three configurations possessing similar peak magnitudes. The radial extent of vortices
did increase with penetration, though a direct relation with the azimuthal size was not achieved. This
was again thought to be caused by the spatial proximity of the vortex pairs. In addition to the main
vortex pair, each configuration induces small secondary vortex pairs located between adjacent main pairs.
These secondary structures rotate in an opposite fashion compared to the primary pair, as is particularly
evident for the low penetration chevron configuration (sub-figure 5.3.19d). Similar vorticity features were
reported in the past by Burak et al.129. This secondary vortex pair complicates the primary expulsion
of fluid and leads to auxiliary lobes located at the extent of the main jetlet as seen by the comparison of
Figures 5.3.1a & 5.3.2a.
Initially, the effect of penetration on the vorticity field was quantified by tabulating the maximum
vorticity at each available axial location as presented in Figures 5.3.20 & 5.3.21. An exponential function
was also fit to each of the chevron configurations to illustrate the decay rate following the results of
Alkislar et al.150. As expected from the above vorticity contour plots, the overexpanded results show
initial maximum vorticity that is much higher for the medium and high penetration chevrons than the
baseline and low penetration chevrons. From that point downstream the maximum vorticity exponentially
decays to an indistinguishable level by z/Dj = 2.5. The exponential fits indicate that the high penetration
chevrons’ vorticity decays at a rate roughly 1.5 times faster than the medium penetration chevrons. This
is an indication of the negative vortex interaction discussed above. The ideally expanded results further
indicate that maximum vorticity is not necessarily a function of penetration as was discussed above.
Furthermore, the decay rates are nearly identical for all of the configurations, highlighting the limitations
of maximum vorticity as a metric of performance.
In an effort to more accurately describe chevron performance in terms of vorticity production, a
metric that included both vorticity magnitude and spatial extent was developed. This was accomplished
by integrating the modulus of streamwise vorticity over a given jet cross section as defined in Equation
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Figure 5.3.19: Enlarged view of individual streamwise vortex pairs along with corresponding velocity
vector field at z/De = 0.5.
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Figure 5.3.20: Variation of maximum streamwise vorticity with downstream position. Mj = 1.22
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Figure 5.3.21: Variation of maximum streamwise vorticity with downstream position. Mj = 1.50
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Figure 5.3.22: Variation of integrated vorticity modulus (Γ) with downstream position. Mj = 1.22.
5.3.7.
Γ = ∫
cs
∣ωz ∣dcs (5.3.7)
The resulting evolution profiles are presented in Figures 5.3.22 & 5.3.23, which upon detailed investigation
are not found to decay exponentially. The primary differences between the newly calculated metric and
the maximum vorticity is a better representation of persistence and level of flow field modification. This
is particularly evident when comparing the performance of the low penetration to the medium and high
penetration chevrons in the ideally expanded case, as seen by values that are above the baseline.
5.3.3 Acoustic Field
Comparison of the narrowband spectra of the baseline and the three chevron configurations are
presented below in Figures 5.3.24, 5.3.25, & 5.3.26. The observation angles of 35○, 90○, and 140○ were
selected as they emphasize the effect on screech, broadband shock associated noise, and mixing noise
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Figure 5.3.23: Variation of integrated vorticity modulus (Γ) with downstream position. Mj = 1.50.
at dominating propagation directions. Additionally, the frequency has been converted to the Strouhal
number by the fully expanded diameter to velocity ratio.
The overexpanded results, shown in Figure 5.3.24 indicate that the low penetration chevrons had
a limited effect on the acoustic field of the baseline jet, independent of observation angle. This was
expected as the results of Heeb et al.137 indicated a minimal impact on the flow field. Similar results
have been presented in the past123–125;128, which attribute the inability of low penetration chevrons to
effect overexpanded jets due to the contraction of the flow field at the nozzle exit, effectively nullifying the
projection into the jet. The medium penetration chevrons, on the other hand, significantly modify the
acoustic field, with reductions in screech, BSAN, and large scale mixing noise. Additionally, the BSAN
peak frequency was increased by the medium penetration chevrons, indicating a reduction in shock cell
spacing following the relation of Tam32, which was confirmed above. Consequently, amplitudes in the
higher frequency range were slightly increased as compared to the baseline. Finally, the high penetration
chevrons also appreciably effect the acoustic field, with reductions that are generally greater in magnitude
than the medium penetration chevrons. Similarly, a larger shift in the BSAN spectral peak to frequencies
was observed for the high penetration chevrons as compared to the medium penetration chevrons. This
results in further increases in the higher frequency content, as particularly evident in the St > 2 range at
the Ψ = 140○ observation angle. Overall, penetration is directly correlated with the effect at individual
frequencies in the overexpanded regime; penetration improves noise reductions while simultaneously
escalating noise increases.
The acoustic results acquired at the design condition, shown in Figure 5.3.25, indicate all of the
chevron configurations achieved significant noise modifications. At this condition, the baseline jet ex-
hibited large amplitude screech which has been shown to lead to drastic flow and acoustic field mod-
ifications21;151. Consequently, direct comparisons between the baseline and chevron configurations are
difficult as screech was all but eliminated by the chevrons (Sub-Figure 5.3.25a). In addition to the large
amplitude screech reduction already mentioned, the low penetration configuration was able to achieve
significant turbulent mixing noise and BSAN reductions. Additionally, limited increases in the high
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(c) Ψ = 140○.
Figure 5.3.24: Narrowband acoustic spectra comparison. Mj = 1.22.
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(c) Ψ = 140○.
Figure 5.3.25: Narrowband acoustic spectra comparison. Mj = 1.50.
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frequency range were observed, most likely due to the configuration’s lesser effect on the shock cell
spacing137. The medium penetration chevrons improved low frequency noise reductions at the cost of
increased high frequency noise following the shift in shock cell spacing. The high penetration chevrons
follow this trend, reinforcing the correlation between chevron penetration and noise reduction/increase
mentioned above. Additionally, the medium and high penetration configurations introduced a secondary
BSAN spectral peak, observed around a Strouhal number of 1.5 (Ψ = 90○) following the generation of a
secondary shock cell structure137.
Finally, the underexpanded acoustics results (Figure 5.3.26) indicated a reversal of the effect of pen-
etration on a majority of the acoustic field modifications. In particular, the low penetration chevrons
achieved the optimum BSAN reductions, while simultaneously obtaining the lowest increase in high fre-
quency noise. This follows a switch in the shock strength reduction, as shown above. Peak downstream
large scale mixing noise reductions were the only noise source reductions that remained positively corre-
lated with penetration, though the dispersion in values was reduced as compared to the other operating
conditions. All three configurations induced a secondary BSAN peak as seen at Ψ = 90○ (Strouhal ≈ 1.5),
though the low penetration configuration’s peak was lower than the corresponding baseline’s amplitude.
Similar to the design condition, this was a result of introduction of a secondary shock system by the
chevrons.
In an effort to more quantitatively analyze the effect of chevron penetration on the acoustic field, the
peak frequency and amplitude of the three primary noise sources were extracted from the narrowband
spectra. Additionally, extraction of the noise sources allows direct relation to flow field modifications
through application of previously developed theoretical and empirical relations. Screech will be analyzed
first, followed by BSAN, and finally the large scale mixing noise.
The fundamental screech tone primarily propagates in the upstream direction due to the weakest link
in the aeroacoustic feedback mechanism as detailed by Tam et al.32. To identify the effect of chevron
penetration on screech, Figure 5.3.27 was created by extracting the screech amplitude from all of the data
that was acquired at an observation angle of Ψ = 35○. The application of chevrons appreciably reduced
screech at all conditions and penetration levels. In overexpanded operation, screech reduction followed
penetration, but the effect switches in the underexpanded regime and the lower penetration chevrons
perform optimally. This is possibly due to the increase in the Mach disk strength with increase in chevron
penetration considering the results of Kastner et al.152. An important feature to note is the large am-
plitude screech observed for the baseline configuration at the Mj = 1.36 & Mj = 1.50 conditions, which
introduces acoustic and flow field modifications as noted above. Consequently, maximum screech ampli-
tude reductions at those conditions exceeded 38dB & 29dB, respectively. Average reductions excluding
large amplitude baseline screech conditions were in the 10-15dB range.
In addition to the amplitude results, the screech frequency was also extracted and compared to the
empirical relations of Massey & Ahuja76 in Figure 5.3.28. This relation was selected for use as it is based
the work of Tam et al.32 (Equation 5.3.8), but includes the observed effect of instability modes on the
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Figure 5.3.26: Narrowband acoustic spectra comparison. Mj = 1.56.
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Figure 5.3.27: Measured screech amplitude as a function of Mj . Ψ = 35○
1.2 1.25 1.3 1.35 1.4 1.45 1.5 1.55 1.6 1.65 1.7
0.3
0.4
0.5
0.6
Mj
S
c
r
e
e
c
h
S
t
r
o
u
h
a
l
N
u
m
b
e
r
[ f
s
D
j
u
−
1
j
]
 
 
Baseline
Low
Medium
High
Toroidal
Helical
Figure 5.3.28: Measured screech Strouhal number as a function of Mj . Compared to empirical relations
of Massey & Ahuja76.
screech frequency.
fscreech = uc
Ls (1 +Mc) (5.3.8)
The prediction accurately captures the screech frequency across the operating range, and indicates that
the highly overexpanded operating condition takes on a toroidal instability instead of helical as the
remainder of the conditions. Interestingly, the frequency of the screech tone was unchanged (plus or
minus a bin width) by the application of any chevron configuration for all operating conditions though
the shock cell spacing was reduced in all cases (Figure 5.3.14). This is an apparent violation of Equation
5.3.8, though others have shown results with a similar trend128;151. The root causes of phenomena is
unknown, but it is possible that the standing wave spacing (not measured here), identified by Panda77
as a more accurate length scale for screech prediction, was unchanged by the application of the chevrons.
Broadband shock associated noise has recently been shown to be omnidirectional in propagation
through use of acoustic scaling methodologies63. In an effort to emphasize the BSAN, Figure 5.3.24b
was created using data acquired at a polar angle of 90○, where screech and large scale mixing noise
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Figure 5.3.29: Measured BSAN peak Strouhal number as a function of Mj (Ψ = 90○). Compared to
relation of Tam et al.32.
are non-dominant. Additionally, to quantitatively identify changes in peak frequency and amplitude, a
gamma distribution was least squares fit to the primary spectral peak. This was undertaken to remove
screech harmonics from the amplitude determination, which would otherwise lead to overly large values
as shown in sub-figure 5.3.25b. A gamma distribution was chosen as the characteristic function due to
its ability to capture the differing rise and decay slopes of the broadband spectral peak as shown by Pao
& Seiner61.
The primary effect of chevrons on BSAN is a shift in the peak frequency to higher values, an effect
that was also seen in Figure 5.3.24a. This is expected due to the shortened shock cells following the
relation of Tam et al.32 (Equation 5.3.9) which relates the peak BSAN frequency to the inverse of the
shock spacing.
fBSAN = [Ls ( 1
uc
+ cos Ψ
a∞ )]−1 (5.3.9)
Figure 5.3.29 compares the peak frequencies obtained from the gamma distribution fit and Equation 5.3.9
(assuming uc = 0.7uj). The baseline values are well captured by the formula excluding Mj = 1.22. This is
possibly due to instability mode not being taken into account, similar to the screech frequency discussed
above. The increase in BSAN peak frequency is directly related to chevron penetration, with higher
levels corresponding to higher frequencies. This is a result of reduced influence on the shock spacing
shown in Figure 5.3.14. Nondimensionalization of peak BSAN frequency using the Helmholtz number
(not shown) based on experimentally determined shock cell length confirms this assertion by collapsing
the data with a maximum percent difference of less than 10%, and indicates invariance with jet Mach
number as was originally shown by Norum & Seiner31.
Employing chevrons also effected the peak amplitude of BSAN in addition to increasing the peak
frequency, as shown by Figure 5.3.30. The measured baseline profile is similar to previously reported
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Figure 5.3.30: Measured BSAN peak amplitude as a function of Mj . Ψ = 90○.
work8;10;153; BSAN amplitude reaches a minimum near the design condition due to reduced shock strength
caused by nearly ideal expansion, though in this case the minimum value does not directly correspond to
the design condition. This is attributed to an amplification of acoustic spectrum by screech at the design
condition52;63. Interestingly, the effectiveness of chevron penetration in reducing BSAN peak amplitude
switches in the over to under expanded operating range. This is attributed to introduction of additional
shocks by the higher penetration chevrons leading to increased shock strength in the underexpanded
regime. Optimum reductions, in order of increasing jet Mach number, were 3.6dB, 0.7dB, 5.4dB, 6.5dB,
and 10.8dB, which correspond to the high penetration configuration in the overexpanded conditions and
the low penetration chevrons for the other operating conditions.
In addition to the changes in the peak amplitude and frequency, the application of chevrons in the
underexpanded regime introduced a secondary BSAN peak as shown above in Figure 5.3.26b. Interest-
ingly, this secondary BSAN peak is a harmonic of the primary BSAN. The results of Tam64 indicate an
appreciable harmonic results from a more stable jet column, a fact which is highlighted by the reduced
downstream turbulence levels of the chevron flow fields.137
Finally, the effect on chevron penetration on the downstream mixing noise was investigated using
acoustic results acquired at a downstream observation angle (eg. Figure 5.3.24c). This was done by
least squares fitting the large scale similarity spectrum of Tam et al.40 to the data in an effort to
quantify the reduction of peak noise, the result of which is located in Figure 5.3.31. The results indicate
for all operating conditions, reduction of the peak large scale mixing noise is directly correlated with
penetration. The reductions are not constant with respect to operating condition, and the difference
between the configurations reduces with operating condition. This indicates there is saturation of large
scale structure decimation by the high penetration chevrons which allows the medium and low penetration
chevrons to perform similarly at elevated jet Mach numbers through increased effective penetration. For
reference the average reductions are approximately 1.9 dB, 3.6 dB, and 4.5 dB for the low, medium, and
high penetration chevrons respectively. The reductions appear to trend with the near nozzle Γ values
shown in Figures 5.3.22 & 5.3.23. Also included in Figure 5.3.31 are line fits corresponding to a modified
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Figure 5.3.31: Measured LSS peak amplitude as a function of Mj . Ψ = 150○.
V 8 power law. The resulting exponents of the fit are shown in the upper left hand corner near the
legend. The baseline exponent value of 9.87, roughly corresponds to the results of a similar configuration
presented by Khavaran & Bridges154. The application of chevrons is shown to reduce the rate of increase
in noise amplitude with jet velocity in all cases. The exponent decreases with increases in penetration,
indicating a switch in effectiveness will occur at some elevated jet Mach number not measured here.
In addition to reductions in large scale structure mixing noise, a high frequency (small scale mixing
noise) increase occurs due to the application of chevrons which is also correlated with penetration (as
shown for St > 2 in Figure 5.3.24b). The reduction of large scale mixing noise and increase in small scale
mixing noise has been measured in both subsonic and supersonic jets in the past128;130, and is attributed
to the introduction of small scale turbulence near the nozzle leading to decreased large scale structure
growth and energy as discussed above. Tam & Zaman139 indicated that the high frequency increase
results from a frequency shift caused by the reduction of the radial extent of the high speed jet core.
This is similar to the frequency shift described above for the BSAN, though of a much lesser extent.
Considering the reductions of screech, BSAN, and large scale mixing noise discussed above, it would
be expected that a reduction in overall noise would accompany the changes. Furthermore, as a majority
of the reductions were correlated with penetration, the high penetration chevrons would be expected to
perform optimally. This is not always the case as the frequency shift of both the BSAN and turbulent
mixing noise can result in increased higher frequency amplitudes which outweigh the lower frequency
gains. This is exemplified by ideally and underexpanded OASPL results presented in Figure 5.3.32 for
the high penetration chevrons. The highly overexpanded operating condition (Mj = 1.22) displayed
limited frequency shift, and consequently the reductions roughly follow penetration. Limited frequency
shift was observed at the aft observation angles, resulting in mixing noise reductions that were correlated
with penetration across the studied operating range. The OASPL reductions at aft angles are roughly
equivalent to the peak large scale mixing noise reductions shown in Figure 5.3.31. Effectiveness in terms
of OASPL reduction at the sideline and forward directions switches in the over versus underexpanded
operating range. These angles are dominated by shock associated noise and consequently the effect is
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Figure 5.3.32: OASPL as a function of observation angle.
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attributed to the switch in shock strength reduction shown in Figure 5.3.15 along with the increased
BSAN frequencies due to shortened shock spacing. An azimuthal average of the forward quadrant
indicates optimum reductions of 2.7, 3.7, 3.0, 3.3, and 5.6 dB for Mj = 1.22, 1.36, 1.50, 1.56, and 1.64.
These values pertain to the high penetration chevrons in the overexpanded regime and the low penetration
chevrons in the underexpanded regime. This switch in optimum performance explains the differing claims
made within the literature regarding penetration; investigations within the underexpanded regime131
found lower penetration chevrons were optimum, while studies in the overexpanded regime87;123;124 found
higher penetration was optimum.
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5.4 Effect of Arrangement
5.4.1 Introduction
The current section seeks to improve understanding of the effect of chevron arrangement on noise
from supersonic jets created by military style nozzles. Detailed investigation of the flow and acoustic
fields of three chevron arrangements that were conceptualized based on previously investigated noise re-
duction technologies were performed. The first arrangement was chosen to recreate an elliptic nozzle due
to beneficial acoustic results shown in the past. For example, Kinzie et al.155 and Kinzie & McLaugh-
lin156;157 found that an elliptic jet was quieter than a corresponding circular jet, with the major axis
plane indicating reductions of 4 to 5 dB. Similar benefits were reported by Verma & Rathakrishnan158.
Gutmark et al.159 indicated elliptic jets reduced the number of shock cells by a factor of three when
compared to an equivalent circular jet. Tesson et al.160 showed that an elliptic jet can reduce broadband
shock associated noise by upwards of 3dB as compared to an equivalent circular nozzle. Generation of
an elliptic jet by chevrons was accomplished by clustering two sets of three chevrons at opposite sides of
the nozzle. This increased mixing in the plane containing the chevrons due to streamwise vortex intro-
duction, which in turn modified the jet’s circular cross-section into an ellipse. The second arrangement
was conceptualized to replicate a beveled nozzle. Beveled nozzles are shaped similarly to axisymmetric
nozzles except the exit of the nozzle is not perpendicular to the jet centerline. Replication of this configu-
ration was achieved by grouping six chevrons together on one side of the nozzle. Viswanathan161 showed
that a nozzle beveled at 45○ was quieter than a typical nozzle for nearly all observation and azimuthal
angles. Maximum OASPL reductions were approximately 10dB and were seen to coincide with the longer
lip. Viswanathan et al.162 investigated the effect of bevel angle and determined the noise reduction was
directly correlated with bevel angle. Measured flow deflection was within ±1.5○ and they documented a
maximum of 2.1 simulated EPNdB reduction for a nozzle beveled by 35○. The final chevron arrangement
that was investigated was simply the periodically symmetric six chevron configuration. This increases
the distance between the chevrons, possibly delaying streamwise vortex interaction and consequently in-
creasing vortex persistence. The arrangement has been shown to be beneficial in the past. For example,
Seiner et al.87 showed six symmetrically spaced chevrons were able to achieve OASPL reductions of 2dB
in the peak jet noise direction. In all cases the chevron number was held constant at six to remove
the effect of projected area from the investigation. Additionally, due to a modular design which will be
discussed below, the exact same chevrons were used for all three configurations, thus limiting discrep-
ancies due to manufacturing processes. Schematics detailing the arrangement of the clustered, beveled,
and symmetric configurations are presented in Figure 5.4.1, which also includes the convention regarding
azimuthal angle, Φ, a parameter that was investigated due to the azimuthal nature of the configurations.
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Figure 5.4.1: Conceptual sketch illustrating the convention for the azimuthal angle, Φ.
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Figure 5.4.2: Illustration of quantitative extraction of noise source metrics. The peak frequency/ampli-
tude is shown as a circle, the dashed lines correspond to pertinent data fit.
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Figure 5.4.3: Measured screech amplitude as a function of Mj .
5.4.2 Acoustic Field
Due to the number of configurations and azimuthal angles that were investigated, direct comparison
of all available narrowband spectra is difficult. Consequently, the peak amplitude and frequency of
three primary noise sources were quantitatively extracted from the acoustic data, an example of which
is shown in Figure 5.4.2. A peak locating algorithm was used to isolate the primary screech tone from
the data acquired at an upstream observation angle of Ψ = 35○, as shown in sub-figure 5.4.2a. This
observation angle was chosen as the fundamental screech tone primarily propagates upstream given that
the weakest link in screech’s aeroacoustic feedback mechanism is the interaction occurring at the nozzle
lip32. The BSAN peak frequency and amplitude were determined by curve-fitting a gamma distribution
to the acoustic data acquired at Ψ = 90○. This was undertaken so the presence of any screech harmonics
would be excluded from peak determination. Additionally, a gamma distribution was chosen over a
simple Gaussian as it encompasses the non-symmetric broadband spectral peak61. Finally, the large
scale structure peak was determined by curve-fitting the large scale similarity spectrum (LSS) of Tam
et al.40 to the acoustic data acquired at an observation angle of 150○ for Strouhal numbers less than 1.
Due to the presence of broadband shock associated noise in the higher frequency range, extraction of
the small scale turbulence noise through use of the fine scale similarity spectrum (FSS) was not possible
using the current data set.
Figure 5.4.3 presents the resulting screech amplitudes for all measured operating conditions, config-
urations, and azimuthal angles. Application of chevrons was able to reduce the screech amplitude in
comparison to the baseline jet, independent of azimuthal angle and jet Mach number. An important
feature to note is the large amplitude screech observed for the baseline configuration at Mj = 1.36 & 1.50,
which is a feature that has been known to lead to flow field modifications21;141 as discussed below. Com-
parison of the azimuthal arrangements to the standard chevron configuration generally shows slightly
worse performance in the overexpanded regime and similar or better in the ideally and under expanded
conditions. Considering the results of Kastner et al.152, this is possibly due to a switch in trend regarding
97
1.2 1.25 1.3 1.35 1.4 1.45 1.5 1.55 1.6
0.2
0.3
0.4
0.5
0.6
0.7
Mj
S
c
r
e
e
c
h
S
t
r
o
u
h
a
l
N
u
m
b
e
r
[ f
s
D
j
u
−
1
j
]
 
 
Baseline
Standard
Symmetric Φ= 0◦
Symmetric Φ= 30◦
Clustered Φ= 0◦
Clustered Φ= 90◦
Beveled Φ = 0◦
Beveled Φ = 90◦
Beveled Φ = 180◦
Toroidal
Helical
Figure 5.4.4: Measured screech Strouhal number as a function of Mj . Along with empirical relations of
Massey & Ahuja76.
the relative centerline Mach disk strength between the standard and azimuthal chevron configurations.
Investigation of the effect of azimuthal orientation of the three non-standard configurations on screech
reduction indicates that arrangement does play a role in screech reduction. The symmetric configuration
shows limited effect as amplitudes were within 0.5dB for all investigated operating conditions. This is
possibly due to the periodic nature of the configuration. The clustered and beveled configurations on
the other hand do show significant azimuthal variation of screech reduction, with the planes not con-
taining chevrons (Φ = 90○ and Φ = 180○, respectively) achieving optimum reductions. The clustered
configuration’s Φ = 90○ plane achieves an average reduction roughly 1dB better than the Φ = 0○ plane,
while the beveled configuration’s Φ = 180○ plane outperforms the Φ = 0○ and Φ = 90○ planes by over
2.75dB and 5.25dB, respectively. This indicates that the introduction of vorticity within the observation
plane is detrimental to screech reduction, possibly due to shock-vortex interaction increasing the overall
shock noise amplitude. Reductions are on the order of 10-25dB for all configurations with the maximum
measured reduction just exceeding 38dB. That said, averaging out the effect of azimuthal orientation
and jet Mach number indicated that the clustered configuration achieves an optimum reduction of over
20dB.
The screech frequency of all configurations was also extracted and compared to the empirical relations
of Massey & Ahuja76 in Figure 5.4.4. This relation was selected as it is an empirical extension of the
work of Tam et al.32 (Equation 5.4.1), which includes the observed effect of instability modes on the
screech frequency.
fscreech = uc
Ls (1 +Mc) (5.4.1)
The baseline screech frequency is accurately captured by the prediction for the measured operating
range and indicates a transition from helical to toroidal instability for the lowest jet Mach number.
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Figure 5.4.5: Measured BSAN peak amplitude as a function of Mj . Ψ = 90○
Correspondingly, all of the measured screech frequencies were increased at the highly overexpanded
Mj = 1.22 condition, confirming the transition to a toroidal mode. Though the screech amplitude was
drastically modified by the application of any of the investigated chevron configurations, the measured
screech frequencies were relatively unchanged. Similar results have been presented in the past128;143;151.
It is possible that the standing wave spacing (not measured here) was unchanged, resulting in unchanged
screech frequency following the results of Panda77.
Comparison of the measured BSAN peak amplitudes is presented in Figure 5.4.5. For a majority of
the measured azimuthal angles and jet Mach numbers, the application of chevrons reduced the BSAN
peak amplitude significantly, though lower reductions or slight increases were observed at the Mj = 1.36
& 1.50 conditions. The under performance at these conditions is thought to be due to the large screech
amplitude reductions following the results of Jothi & Srinivasan163, which indicate reduction in screech
amplitude can lead to amplification of broadband shock associated noise. The typical profile8;10;153 is
exhibited by all of the configurations investigated; shock noise generally increases with jet Mach number
with a local minimum occurring near ideal expansion. The local minimum of the current data is slightly
higher than the geometric design condition, a feature which is attributed to spectral amplification due to
screech at the design condition as discussed above. Again, the effect of azimuthal orientation of the non-
standard configurations can be gleaned from Figure 5.4.5. Similar to the screech results presented above,
the symmetric configuration exhibits limited azimuthal variation of the acoustic field, with a maximum
difference in peak BSAN less than 0.5dB. This is thought to result from the symmetry of the configuration.
The clustered configuration possess an azimuthal sound field with the Φ = 90○ plane achieving lower BSAN
peak amplitudes than the Φ = 0○ plane, though the difference in the underexpanded regime is small. The
BSAN difference, as computed by averaging across operating condition, exceeds 1.75dB. Similarly, the
beveled configuration’s sound field is azimuthal, with the Φ = 180○ orientation out performing the Φ = 0○
& 90○ planes at the lower operating conditions. Additionally, a trend of decreasing BSAN amplitude
with azimuthal angle exists in the overexpanded range for the beveled configuration. This trend is not
exhibited higher in the operating range due to a change in the shock structure as will be discussed
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Figure 5.4.6: Measured BSAN peak frequency as a function of Mj . Ψ = 90○.
below. Similar to the screech discussion above, the optimum azimuthal orientation for the beveled and
clustered configurations typically occurs at planes not containing vortex introduction. Consequently, the
interaction between the shock cell structure and streamwise vorticity generated by the chevrons is thought
to introduce additional shock associated noise which leads to decreased reductions. Comparison of the
standard configuration to the azimuthal arrangements indicated improved reductions in the ideally and
under expanded regimes by the three investigated configurations independent of azimuthal orientation.
In the overexpanded range, the optimum azimuthal orientation of the symmetric, clustered, and beveled
configuration also out performs the standard configuration in terms of peak BSAN reductions. These
results are directly related to the average shock cell strength excluding the initially non quasi-periodic
structure following the results of Tam33 as will be shown below. In general the beveled configuration
performs optimally on an azimuthally averaged basis, with reductions in peak BSAN amplitude exceeding
5dB, 1dB, 5.7dB, and 7.3dB at the jet Mach numbers of 1.22, 1.36, 1.50, 1.56 respectively.
The BSAN peak frequencies corresponding to the amplitudes presented above are shown in Figure
5.4.6. The predominant feature of the results is a universal increase in peak frequency by the application of
any chevron configuration. Considering the relation of Tam et al.32 (shown below in Equation 5.4.2) this
can be explained by a reduction of the average shock cell spacing and/or an increase in the convective
velocity, though previous studies131;143;164 indicate that the reduction in the shock spacing alone can
account for the frequency increase.
fBSAN = [Ls ( 1
uc
+ cos Ψ
a∞ )]−1 (5.4.2)
Following the above discussion, the symmetric configuration displayed limited azimuthal variation in
peak BSAN frequency. Azimuthal variation exists for the clustered and beveled configurations, with the
Ψ = 90○ & 180○ angles consistently achieving the highest peak frequency respectively. This is expected
to be a result of an azimuthally asymmetric shock cell structure resulting from both of the chevron
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Figure 5.4.7: Measured LSS peak amplitude as a function of Mj . Ψ = 150○.
configurations, as will be investigated below. Overall, the Φ = 90○ clustered configuration achieved the
highest BSAN peak frequency, which potentially indicates this configuration will have the shortest shock
cell spacing.
Modification of the large scale mixing noise amplitude as a function of fully expanded jet Mach
number is presented in Figure 5.4.7. As with the shock associated noise discussed above, application of
any chevron configuration reduced the large scale mixing noise. For the investigated operating conditions,
the symmetric configuration out performed all others, though the standard and the beveled configuration
at Φ = 0○ performed similarly in the overexpanded and ideally/underexpanded regime, respectively.
Interestingly, an azimuthal trend, independent of jet Mach number, existed for the symmetric, clustered,
and beveled configurations. That is, the orientation in-plane with the chevrons displayed lower large scale
structure mixing noise than the other investigated azimuthal angles. This indicates that the presence of
the chevrons, and consequently, the induced vorticity reduced large scale mixing noise, most likely due
to inhibited near nozzle large scale structure production120–122. The beveled configuration showed the
largest azimuthal variation in large scale mixing noise amplitude, with the Φ = 180○ orientation tending
toward the baseline values (within 1dB) at operating conditions not displaying large amplitude screech.
This reinforces the previous statement regarding the necessity of localized streamwise vorticity for large
scale mixing noise reduction. Overall, large scale mixing noise reductions were typically in the range of
3 to 5 dB, though the symmetric configuration was able to exceed 6dBs of reduction at the Mj = 1.36 &
1.50 conditions.
Finally, spectral comparisons of the identified optimum azimuthal orientations for peak screech,
broadband shock associated noise, and large scale turbulent mixing noise reductions are presented in
Figures 5.4.8, 5.4.9, & 5.4.10, respectively. As with the analysis performed above, screech was investigated
at Ψ = 35○, BSAN at Ψ = 90○, and the turbulent mixing noise at Ψ = 150○ due to preferred propagation
direction.
In addition to the large amplitude screech reduction, the chevron configurations significantly modified
the high frequency content of the upstream propagating spectrum. At the overexpanded condition
101
10−1 100 101
50
60
70
80
90
100
S
P
L
[d
B
]
St[fDju
−1
j ]
 
 
Baseline
Standard
Symmetric Φ= 0◦
Clustered Φ= 90◦
Beveled Φ = 180◦
(a) Mj = 1.22.
10−1 100 101
60
70
80
90
100
110
120
S
P
L
[d
B
]
St[fDju
−1
j ]
 
 
Baseline
Standard
Symmetric Φ= 0◦
Clustered Φ= 90◦
Beveled Φ = 180◦
(b) Mj = 1.50.
Figure 5.4.8: Spectral comparison detailing effects on screech. Ψ = 35○. Azimuthal orientations selected
based on above discussion.
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(Mj = 1.22), reductions were achieved across the entire frequency range, with decreases exceeding 12dB
at the baseline’s BSAN peak and a roughly constant decrease of 2dB at Strouhal numbers greater than
1. The increase in peak BSAN frequency due to the application of the chevron configurations was also
observable at the Ψ = 35○ observation angle, and was the primary cause of the large SPL reduction at
the baseline’s peak BSAN frequency. Overall, the symmetric configuration achieved the lowest OASPL,
with a reduction exceeding 5.75dB as compared to the baseline. The ideally expanded results also
displayed increased BSAN frequency due to the chevrons, with increases in the 3-4dB range for Strouhal
numbers greater than 1. This is similar to the discussion presented by Tam & Zaman139 in regards to
high frequency increase of subsonic jets due to application of chevrons. Normalization of the acoustic
spectrum using the Helmholtz number instead of the Strouhal number (not shown) confirmed the SPL
increase at high frequency is a result of a shift due to shortened shock cells. The observed large high
frequency increases are counter balanced by reductions made at low frequencies resulting in OASPL levels
that are lower than that of the baseline. The beveled configuration achieves the highest OASPL reduction
at just under 3.5dB, primarily due relative decreases in BSAN noise at Strouhal numbers greater than
0.2, as compared to the other chevron configurations.
Similar to the discussion above, the frequency shift of the BSAN resulted in significant modification
of the high frequency content of the baseline’s acoustic spectrum at Ψ = 90○. Again, acoustic reduction
was achieved at all frequencies at the overexpanded condition, independent of the investigated chevron
configuration. Reductions at the baseline’s peak BSAN exceed 9dB, while the higher frequencies were
reduced on average by 1dB. The beveled configuration again achieved the optimum reductions as com-
pared to the baseline which just exceed 2.5dB. The decrease in reduction as compared to Ψ = 35○ was
primarily due to the lack of screech propagation toward the 90○ direction at this operating condition.
The ideally expanded results indicated a high frequency increase of roughly 4dB which was confirmed
to be a result of the frequency shift following nondimensionalization by the Helmholtz number. Due to
the high amplitude screech noted above, tones occured even at the sideline observation angle for the
baseline configuration. Consequently, reductions on the order of 20dB are achieved at specific frequen-
cies. Furthermore, the beveled configuration was optimum and was able to achieve OASPL reductions
approximately equal to the Φ = 35○ results discussed above.
Lastly, the primary effect of the investigated chevron configurations on turbulent mixing noise was the
reduction of the large scale mixing noise discussed above. Figure 5.4.10 indicates limited SPL increases at
Strouhal numbers greater than 2. In the past, chevrons have been shown to increase small scale mixing
noise as a result of increased near nozzle small scale turbulence production in both the subsonic and
supersonic regimes128;130. Consequently, any observed increases in high frequency noise at Φ = 150○ is a
combined result of the increase of BSAN frequency and this redistribution of large scale structures into
smaller scales125. Differences in the higher frequency content lead the optimum overall noise reducing
configuration to differ from the peak large scale mixing noise optimum determined above in Figure 5.4.7.
This is particularly evident for the symmetric configuration in the 0.4 < St < 3 range. The standard
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Figure 5.4.9: Spectral comparison detailing effects on BSAN. Ψ = 90○. Azimuthal orientations selected
based on above discussion.
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Figure 5.4.10: Spectral comparison detailing effects on turbulent mixing noise. Ψ = 150○. Azimuthal
orientations selected based on above discussion.
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configuration optimally reduced the OASPL (2.8dB) at the overexpanded condition, while the beveled
configuration achieved the highest reduction of 7.1dB at the design condition.
5.4.3 Flow Field
Detailed PIV measurements were acquired in an effort to determine the effect of chevron arrangement
on a supersonic jet’s flow field. To measure flow features aligned with and perpendicular to the jet axis,
both streamwise and cross stream planes were collected. In an effort to capture the entire potential core,
the streamwise measurements encapsulated roughly 19Dd, while the cross stream measurements were
clustered near the nozzle exit due to the rapid decay of streamwise vorticity.
Modification of the jet cross section is best assessed though comparison of the spatial evolution of
cross stream planes as shown in Figure 5.4.11 for the overexpanded (Mj = 1.22) condition. The sub-
figures are arranged such that axial location is constant in each column and increases from left to right
while configuration is constant across the rows. The baseline results indicated a nearly axisymmetric jet,
with slight deviations from circular around the periphery of the shear layer. This was due to inconsistent
surface finish due to application of Rhodamine paint, similar to that shown by Alkislar et al.150. Applica-
tion of any chevron configuration drastically modified the initial jet development. The standard chevron
configuration initiated a lobed structure with twelve jetlets139 that evolved and reduced with downstream
propagation, but the effect of which was still discernible 6 diameters downstream. The beveled configu-
ration initiated a similar structure in the quadrant with chevrons, while the unmodified edge was roughly
circular. As the jet propagated downstream the cross sectional shape evolved into a roughly triangular
shape, the gross effect of which was evident further downstream than the modifications by the standard
configuration. The clustered configuration introduced vortices at opposite sides of the jet, which resulted
in accelerated mixing in those quadrants. This in turn, caused the jet to develop an elliptic cross section
downstream which, similar to the beveled configuration, persisted further downstream than the standard
configuration. Finally, the symmetric configuration introduced a six lobed structure very similar to that
presented by Seiner et al87. Due to the increased radial spacing between the chevrons, a reduction in neg-
ative vortex interaction occured, allowing the cross-sectional modification to persist further downstream
than the standard configuration, as seen at z/Dd = 3.0. As evident by the cross-sectional modifications,
the typical under performance of chevrons in the highly overexpanded regime125;128;137 was not an issue
in the current study due to the use of relatively high penetration chevrons.
To further illustrate the evolution of jet cross section, Figure 5.4.12 was generated by extracting
the jet half width from each of the available cross sections and superimposing them together for each
individual configuration. As expected from the contours presented previously, the baseline flow field
was roughly axisymmetric. Investigation of the standard configuration’s cross-sections indicate that the
radial growth of the jetlets peaked at 1 diameter downstream. Further along the jet column the effect
of turbulence reduced the individual jetlet structure and by 2.5 diameters downstream the sinusoidal
profile was eliminated. The jetlets of the beveled and clustered configurations were of similar shape
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(a) Baseline, z/Dj = 1.0. (b) Baseline, z/Dj = 3.0. (c) Baseline, z/Dj = 6.0.
(d) Standard, z/Dj = 1.0. (e) Standard, z/Dj = 3.0. (f) Standard, z/Dj = 6.0.
(g) Beveled, z/Dj = 1.0. (h) Beveled, z/Dj = 3.0. (i) Beveled, z/Dj = 6.0.
(j) Clustered, z/Dj = 1.0. (k) Clustered, z/Dj = 3.0. (l) Clustered, z/Dj = 6.0.
(m) Symmetric, z/Dj = 1.0. (n) Symmetric, z/Dj = 3.0. (o) Symmetric, z/Dj = 6.0.
Figure 5.4.11: Evolution of jet cross section with downstream position. Mj = 1.22.
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(a) Baseline. (b) Standard. (c) Beveled.
(d) Clustered. (e) Symmetric.
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Figure 5.4.12: Downstream evolution of jet cross-section shown by lines of constant velocity, V = 1/2Vj .
Mj = 1.22.
to the standard configuration due to the chevron grouping, and consequently showed a similar peak in
jetlet growth at 1 diameter downstream. On the other hand, the symmetric configuration did not pos-
sess a similar jetlet structure as the reduction in chevron proximity eliminated the interaction between
neighboring vortex pairs responsible for large fluid expulsion in the other configurations. Further down-
stream, the cross-sectional shape of all of the configurations was smoothed by mixing and only large scale
modifications remained. Due to the rotational symmetry of the standard and symmetric configurations,
the downstream cross-sectional shapes tended toward axisymmetric, while the beveled and clustered
configurations took on triangular and elliptic cross sections, respectively, due to their specific azimuthal
arrangements. For the three non-standard chevron configurations these downstream shapes were achieved
by roughly 6 diameters downstream, while the standard configuration achieved the roughly axisymmetric
shape by approximately 3 diameters downstream, indicating possible negative vortex interaction.
As modification of axial jet features, such as the shock cell structure, are not easily determined from
cross stream measurements, streamwise contours of time mean velocity were acquired as presented in
Figure 5.4.13. These figures are divided in half to ease comparison of the pertinent azimuthal planes and
comprise the entirety of the streamwise measured flow field. A diagram of the orientation of the specific
measurement plane is also provided within each half of the figure to clearly illustrate the orientation of
the configuration. Additionally, as a majority of the jet modifications occured in the near nozzle region,
enlarged views are presented in Figures 5.4.14 & 5.4.15 for the over and ideally expanded conditions,
respectively.
The baseline jet flow field possess the large Mach disk and corresponding slip lines near the jet axis
typical of overexpanded jets from conical CD nozzles91;137;165, which are particularly apparent in sub-
figure 5.4.14a. Additionally, though the baseline jet exhausts from a conical nozzle, the typical double
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Figure 5.4.13: Streamwise planes of mean axial velocity. Mj = 1.22.
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Figure 5.4.14: Enlarged near nozzle view of streamwise planes of mean axial velocity. Mj = 1.22.
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diamond shock cell structure was not present at Mj = 1.22, similar to the results shown by Munday et
al.91. The standard configuration reduced the shock cell spacing and the centerline Mach disk strength,
while the initial spread rate and slip line radius was increased. Interestingly, the shock spacing was
roughly axisymmetric in both the tip and valley planes, indicating limited azimuthal effect on the high
speed jet core. The clustered configuration’s increased spreading, which resulting in the elliptic cross
section, was easily seen in the Φ = 90○ plane. Due the presence of the chevron tip in the Φ = 0○
plane, an expulsion of fluid from the jet core was not measured until roughly a diameter downstream,
which corresponded to the position where the jetlets begin to merge, as shown in sub-figure 5.4.12d.
Additionally, an asymmetric shock structure was apparent near the nozzle in the first three shock cells.
Finally, due to the drastic increase in spreading, the clustered configuration appeared to have drastically
reduced the potential core length, a feature which will be quantitatively discussed below. Due to the
complexity of the beveled configuration, three streamwise planes were measured at Φ = 0○, 90○, & 180○.
Since the Φ = 0○ & 180○ planes are co-planer, they were combined in sub-figure 5.4.13d. As expected
from the above cross-sections, a large amount of fluid was expelled radially outward due to the presence
of the chevrons, as seen in the lower half of sub-figure 5.4.13d. The initial development of the portion of
the jet without chevrons was similar to the baseline configuration, but as the jet propagated downstream
it was deflected off of the centerline in the direction opposite of the chevrons. Beveled jets are known
to deflect from the centerline161;162, but the deflection of overexpanded jets is typically in the direction
of the long side of the jet. This is primarily due to inward turning of the flow at the lip of the shorter
side of the bevel. As there was pressure relief between the chevrons it is thought that the asymmetric
inward turning is limited in the present case. Consequently the jet deflection is thought to result simply
from the penetration of the chevrons into the flow. An estimate of the deflection angle was calculated
using several downstream velocity profiles, resulting in a value of roughly 1.7○. A drastic reduction in
the radial extent of the jet appeared to occur in the Φ = 90○ orientation, but as the measurement plane
was oriented along the geometric centerline, the deflection of the jet described above exaggerates this
effect. Additionally, side lobes were present in this orientation, particularly evident in sub-figures 5.4.14e
& 5.4.15e, which resulted from the measurement plane intersecting the non-radially propagating jetlets
introduced by the chevrons located on the azimuthal extremes of the group of chevrons. Finally, the
symmetric configuration caused a large expulsion of fluid in the region between the chevrons, which is
easily seen in the lower half of the figures. This feature persisted much further downstream compared
to the other investigated configurations, with a region of velocity of similar magnitude to the core jet
extending roughly to three diameters downstream. This allowed the shock structure to exist within
the crenelations of the jet, resulting in a three dimensional shock structure as indicated by the shock
diamonds in sub-figure 5.4.13f. In all cases the shock cell spacing was reduced by the application of
chevrons, a feature which will be disused further below.
Next, the enlarged near nozzle regions of the ideally expanded condition are presented in a similar
manner to the overexpanded condition above. Increasing the jet Mach number drastically modified the
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Figure 5.4.15: Enlarged near nozzle view of streamwise planes of mean axial velocity. Mj = 1.50.
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baseline configuration, with limited-to-no Mach disk present and the typical double shock diamond struc-
ture easily identifiable. The shock structure of the standard configuration, on the other hand, was highly
complex and included a strong centerline Mach disk. Following the overexpanded results, the standard
configurations shock structure was roughly axisymmetric, most likely due to the rotational symmetry of
the chevron arrangement. Additionally, a large expulsion of high velocity fluid is also generated between
the chevrons (Φ = 15○). Comparison to the baseline flow field indicated an overall reduction in shock
spacing as well as the radial extent of high velocity fluid, most likely due to increased mixing. Similarly,
the clustered configuration introduced a complex shock structure and reduced the shock cell spacing.
Unlike the standard configuration, the clustered jet’s shock cell structure was highly azimuthal due to
the induced elliptic cross-section of the developing jet. The differing spread rates between the Φ = 0○
& 90○ planes is visible in aft portion of sub-figure 5.4.15c; this effect becomes more pronounced further
downstream, resulting in the elliptic cross-section discussed above. The beveled configuration also dras-
tically modified the shock cell structure, with the presence of the chevrons introducing a much larger
magnitude system than the portion of the nozzle without modification. The core of the jet was again
deflected away from the centerline in the direction opposite of the chevrons. The deflection angle was
determined to be roughly 1.5○, following the manner discussed above. The large side-lobes present in the
Φ = 0○ orientation were again due to the location of the measurement plane and the non-radially propa-
gating jetlets, as described above. Comparison to the standard configuration indicated a larger expulsion
of fluid was achieved in the Φ = 0○ by the beveled configuration and that the shock reduction was not
as large, though comparison is somewhat difficult due to the canted centerline. Finally, similar to the
other configurations, the symmetric configuration resulted in a complicated shock structure compared
to the baseline flow field. This was primarily due to the expulsion of fluid between the chevrons being
supersonic and coherent enough to sustain shocks, as seen in sub-figure 5.4.15f. Consequently, the shock
reflection locations were axially disparate, resulting in an asymmetric shock/expansion system. The high
speed expulsion persisted down to roughly four diameters downstream (not shown) after which the jet
takes on the typical shock/expansion system.
In an effort to quantitatively determine modifications to the flow field by the investigated config-
urations, axial velocity profiles were extracted from the measured flow fields. The first of which was
the centerline velocity profiles (shown below in Figure 5.4.16) for use in determining the potential core
length of each of the configurations. Due to the deflection of the beveled configuration from the geometric
centerline, a canted centerline following the flow features was used. In Figure 5.4.16, the velocities were
normalized by the mean axial velocity within the potential core and the axial coordinate was normal-
ized by the potential core length, the determination of which will be outlined below. As seen, qualitative
comparison of the centerline profiles is difficult due to the complexity of the shock cell/Mach disk system.
The single shock diamond structure present for all configurations in the overexpanded regime is apparent
from the sinusoidal profiles in sub-figures 5.4.16a & 5.4.16b. In the ideally and under expanded regimes,
the double shock cell structure extended through a majority of the potential core, which collapsed into
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Figure 5.4.16: Centerline profiles of axial velocity normalized by the mean centerline velocity within the
potential core. The axial coordinate is normalized by the potential core length.
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Figure 5.4.17: Potential core length comparison along with the prediction of Lau et al.20.
a single shock structure that persisted past the end of the theoretical potential core termination. The
amplitude and frequency of velocity fluctuation at the most overexpanded condition indicates a reduction
in shock strength and spacing by the investigated configurations, but at the higher jet Mach numbers
the complexity and differences in the flow fields makes qualitative judgments impractical. Consequently,
quantitative analysis of the velocity profiles was performed to extract the pertinent parameters.
Determination of the potential core length was performed using a slightly modified version of the
centerline velocity profile developed by Lau et al.20 (shown below in Equation 5.4.3) following the method-
ology of Heeb et al.137.
uz (z) /um = ⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩
1 z ≤ zc
1 − exp ( α1−z/zc ) z > zc ∶ α = 1.5, um = uz (z ∈ [0, zc]) (5.4.3)
The modification of the original profile consisted of inclusion of the average centerline velocity modi-
fication term, um, which accounted for the non-constant velocity within the potential core due to the
presence of the shock/expansion system. This result was least squares fit to each of the extracted center-
line velocity profiles, which easily affords the potential core length through simple back calculation. The
minimum coefficient of determination of all of the data fits was 0.95, indicating an excellent agreement
between the centerline velocity and Lau et al.’s20 profile and an accurate determination of the potential
core length.
Figure 5.4.17 shows the result of completing this routine for all available streamwise data. Addi-
tionally, the prediction of Lau et al.20, shown below in Equation 5.4.4 was included for comparison
purposes.
zc(Mj)
Dj
= 4.2 + 1.1Mj2 (5.4.4)
The baseline potential core length at the lowest and highest measured jet Mach numbers were reasonably
captured, though the Mj = 1.36 & Mj = 1.50 conditions significantly deviated from the profile. As noted
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above, this is associated with large amplitude jet column undulation caused by screech, originally docu-
mented by Glass21 and more recently Bridges & Wernet141. Consequently, direct comparison between the
baseline jet’s potential core length and the investigated chevron cases was difficult as screech amplitude
was drastically reduced by all of the chevron configurations as shown above in Figure 5.4.3. Comparison
to the standard configuration allowed an assessment of the effect of arrangement on the potential core
length independent of screech. As expected from the presented contour plots, the clustered configura-
tion optimally reduced the potential core length compared to the other chevron configurations across
the entire operating range, which follows previously presented elliptic jet results157;166. Interestingly,
when considering only the chevron configurations, potential core length modification is entirely config-
uration dependent. The standard configuration possessed the longest potential core length followed by
the beveled, then symmetric, and finally clustered configuration. This indicates azimuthal arrangement
cannot be simplified down to a total chevron projected area metric, at least in-terms of predicting the
change in potential core length.
Following the methodology outlined in Heeb et al.143, analysis of the shock cell structure was also
performed using extracted axial velocity profiles. To effectively determine azimuthal asymmetry in the
shock cell structure, velocity profiles were extracted at a radial distance 0.15 diameters away from the
centerline. This location was chosen as a compromise between moving radially away from the jet centerline
to effectively identify azimuthal asymmetry and the axial length of the profile before the extraction line
intersected with the jet shear layer. The beveled configuration’s Ψ = 90○ plane was excluded from this
analysis due to the misalignment of the geometric and jet centerlines. First, the mean shock spacing was
determined by averaging the shock spacing determined by consecutively subtracting the axial locations
of the profile’s peak velocity. Only the first six shock cells were used to eliminate the effect of screech
on the calculated parameter, following the results of Andre´ et al.151. Figure 5.4.18 presents the results
of this effort along with Norum & Seiner’s31 empirical modification of the Prandtl-Pack28 vortex-sheet
model for CD nozzles, given below in Equation 5.4.5.
Ls
Dj
= a (Mj2 − 1)b/2 ; a = 1.1 & b = 1.17 (5.4.5)
The relation of Norum & Seiner31 reasonably followed the baseline data with only a slight over pre-
diction throughout the operating range. This over prediction is thought to be a result of the use of a
non-centerline profile, which excludes the more normal portion of the shock structure for the calculations
herein. Investigation of the chevron configurations indicated that regardless of configuration, orientation,
or operating condition, the shock cell spacing was reduced by the application of chevrons. The symmetric
configuration shows limited azimuthal variance in the shock cell spacing, which confirmed the roughly
constant acoustic BSAN peak frequency presented above in Figure 5.4.5. Additionally, the shock spacing
was reduced below the level of the standard configuration for all operating conditions independent of
azimuthal orientation. The shock spacing of the clustered configuration did show some azimuthal vari-
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Figure 5.4.18: Comparison of shock cell spacing with the relation of Norum & Seiner31.
ation, with the Φ = 0○ possessing a longer spacing than the Φ = 90○ throughout the operating range.
This also validates the BSAN amplitude results presented above where the Φ = 90○ orientation had a
higher peak Strouhal number across all operation conditions following the inverse relation between shock
spacing and peak frequency. As with the symmetric configuration, the shock spacing was further reduced
as compared to the standard configuration, especially at the higher operating conditions. Finally, the
beveled configuration also presented azimuthal variation of shock cell spacing with the Φ = 180○ achieving
a shorter spacing across the operating range. The unilateral reductions in comparison to the standard
configuration were not achieved by the beveled configuration, with the spacing in the overexpanded
regime exceeding the standard configuration. Back calculation of the BSAN peak frequency assuming
the convective velocity is 70% of the fully expanded jet velocity46 (Equation 5.4.2) indicated the relation
between configuration and the peak frequency increase were captured using this analysis method. Dis-
crepancies in absolute levels exist, particularly at the overexpanded conditions. This is possibly due to
the larger jet spread at the overexpanded conditions147, which introduced an increasingly non-orthogonal
length measurement of the shock spacing when using a non-centerline profile.
In addition to the mean shock cell spacing, the average shock strength was also calculated using the
velocity profiles extracted at 0.15 diameters off of the centerline. Shock strength is defined here following
the manner of Heeb et al.137 as the difference between the upstream velocity maximum and downstream
minimum velocity divided by the fully expanded velocity (u1−u2)uj−1. Following the reasoning of Tam33,
which indicated the upstream Mach disk was uncorrelated with shock noise levels, the most upstream
shock strength was excluded from the average calculation. Additionally, the number of shock cells used
for the strength calculation was limited to six following the results of Andre´ et al.151 as discussed above.
A slightly modified shock strength characterization parameter of Tam33 was developed for comparison
purposes. The modification to Tam’s shock strength parameter is the inclusion of an additive constant
to account for the occurrence of shock cells in the jet at the design condition due to the nozzle geometry
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Figure 5.4.19: Average shock strength as a function of fully expanded jet Mach number. Tam’s33
strength parameter provided for comparison.
(Equation 5.4.6).
A
2 =
⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩
[(Mj2−Md2
1+ γ+1
2
Mj
2)2 ( DDj )2] [1 + 3(Mj2−Md21+ γ+1
2
Mj
2)3]−1 + c Mj −Md ≤ 0
[(Mj2−Md2
1+ γ+1
2
Mj
2)2] [1 + 6(Mj2−Md21+ γ+1
2
Mj
2)5]−1 + c Mj −Md ≥ 0 (5.4.6)
Tam’s original development of equation 5.4.6 was for moderately imperfectly expanded jets and is con-
sequently only valid for the jet Mach number range which just encompasses the maximum BSAN in the
over- and under- expanded regimes. The results of Munday et al.91 indicate this valid Mach number
range for the nozzle under investigation here is 1.36 ≤ Mj ≥ 1.80. Therefore, the shock strength at
the Mj = 1.22 condition was expected to be grossly over predicted by Equation 5.4.6, and some over
prediction was possible for the Mj = 1.36 as it is at the valid range cutoff.
The results of the average shock strength calculation along with Equation 5.4.6 are shown in Figure
5.4.19. As expected from the above discussion, the baseline jet’s average shock strength at the two
overexpanded conditions were over predicted by the relation of Tam33. Comparison of the chevron con-
figurations to the baseline jet indicated a reduction in shock strength irrespective of operating condition,
configuration, or azimuthal arrangement. The largest amplitude reductions compared to the baseline
configuration were achieved at the extreme ends of the investigated operating range, which follows the
acoustics results. The symmetric configuration shows limited azimuthal variation in the shock spacing
which corroborates the BSAN amplitude discussion above. Average reduction compared to the standard
configuration is just under 24%. The clustered configuration possessed some azimuthal variation, with
the Φ = 0○ orientation having a 15% higher strength on average. This follows the BSAN amplitude results
which indicated the peak BSAN amplitude at Φ = 0○ was louder than the Φ = 90○ plane. Due to the
under performance of the Φ = 0○ orientation, on an azimuthally averaged basis the clustered configuration
achieved a lower reduction than symmetric configuration (20% relative to the standard configuration).
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Figure 5.4.20: Normalized jet half width development.
Finally, the beveled configuration also presented azimuthal variation in average shock strength, which
switches optimum orientation in the over vs ideally/under expanded regimes, which was mirrored in the
BSAN amplitude results presented above. This was a result of the change in the shock cell structure
from roughly diamond shaped in the overexpanded regime into a system comprised primarily of a single
strong oblique shock/expansion train. In general the beveled configuration was out performed by the
symmetric and clustered configurations, except at the ideally expanded condition where the optimum
shock strength (and peak BSAN amplitude) reduction was achieved by the beveled configuration.
In addition to the above quantities, the streamwise velocity data was used to investigate the spread
rate characteristics of the different configurations. Jet half width was selected from the metrics presented
in Schadow et al.147 to emphasize the spread characteristics as it best differentiated the near nozzle and
downstream flow fields examined herein. To account for non-constant centerline velocity within the
potential core, the jet half with was defined within this work as the radial location where the local
velocity magnitude normalized by the local maximum velocity is equal to 1/2. The over and ideally
expanded jet half width results are located in Figure 5.4.20 for all of the investigated configurations
excluding the beveled configuration’s Φ = 90○ orientation due to the misalignment of the measurement
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plane and the flow centerline. Due to the large amount of axial data, only every tenth point was
included to ease visualization. The baseline and chevron results followed similar trends to the half
width presented by Schadow et al.147, but due to the mismatch in jet Mach number, the rates were not
directly comparable as rate decreases with Mach number148. In the very near nozzle region (zD−1j < 2),
the standard configuration (Φ = 15○) produced the largest increase in jet half width, compared to the
baseline configuration, though the differences were larger in the overexpanded regime. By roughly 5
diameters downstream, both of the standard configuration’s investigated orientations returned to the
baseline half width. The symmetric configuration possessed the largest initial decrease in jet half width
due to the presence of the chevron tip (Φ = 0○). As shown by the cross-sectional velocity contours
above, the symmetric configuration’s increased chevron azimuthal spacing did not result in a typical
jetlet structure, but instead a lobed structure that persisted further downstream. This is evident in the
2 < zD−1j < 5 range where the symmetric configuration had the largest jet half width. The azimuthal
variation in the symmetric configuration’s half width collapses by roughly 7 diameters downstream. As
the measurement planes used to investigated the clustered configuration contained either a chevron tip
Φ = 90○ or an unmodified portion of the nozzle, an increase in the measured near nozzle jet half width
similar to the other configurations was not captured. Aft of roughly 2 diameters, the modification of the
jet cross section to an ellipse became apparent as the jet half width of the Φ = 0○ and Φ = 90○ planes
diverged. As expected the resulting elliptic flow field’s major axis exceeded all other conflagration’s half
width for both the overexpanded and ideally expanded conditions downstream of roughly 5 diameters.
The beveled configuration possessed an initial increase in jet half width in the Φ = 0○ plane due to the
expulsion of fluid between the chevrons, while the Φ = 180○ orientation initially followed the baseline
profile, as no modification was made the nozzle in that azimuthal plane. Due to the jet deflection off
of the centerline away from the chevrons, the Φ = 180○ jet half width increased downstream to values
above the baseline and all other configurationsm excluding the clustered configuration in the Φ = 90○
orientation. Conversely, the Φ = 0○ orientation’s downstream half width is smaller than most of the other
configurations due to the misalignment between the jet and geometric centerlines.
Finally, integration of the fluctuating axial velocity measurements was completed following the rea-
soning of Bridges et al.125 as it relates to mixing noise source strength. The resulting quantity, normalized
by the fully expanded jet velocity and diameter, is presented in Figure 5.4.21. Similar to the half width
results above, only every twelfth data point is plotted for clarity. The baseline configuration exhibited a
roughly linear increase in integrated turbulence until roughly 10 diameters downstream, where the levels
plateau for both the over and ideally expanded conditions. At the overexpanded condition, the very
near nozzle results indicated increased integrated turbulence by all investigated chevron configurations,
particularly in the measurement planes containing jetlets as discussed above. The integrated turbulence
was increased universally upstream of 10 diameters. Downstream of that location, reductions up to or
below the level of the baseline jet were observed for all of the configurations excluding the clustered
Φ = 90○ and beveled Φ = 180○ orientations. These configurations exceed the baseline jet’s values due
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to measurement aligned with the major axis of the elliptic cross section and canted jet centerline re-
spectively. Furthermore, this confirms the discussion regarding the requirement of localized streamwise
vorticity for inhibited large scale structure growth and consequent LSS mixing noise, as shown by the
comparison between the two clustered and/or beveled orientations. The symmetric configuration resulted
in the lowest integrated downstream turbulence, indicating an optimal inhibition of large scale growth125,
which confirms the peak LSS amplitude results presented in Figure 5.4.7. The presence of relatively large
amplitude screech at the design condition is known to increase the levels of downstream turbulence as
compared to the expected levels from a non-screeching axisymmetric jet141. Consequently, comparison
to the baseline results at the design condition is difficult, as the chevron configurations all but eliminated
screech. A near nozzle increase in integrated turbulence was again initiated by all of the investigated
chevron configurations due to the introduction of small scale structures. Similarly, the clustered Φ = 90○
and beveled Φ = 180○ resulted in the highest downstream turbulence, following the discussion above.
The symmetric and beveled Φ = 0○ ordinations achieved comparable downstream turbulence levels, again
confirming the LSS reduction results presented above.
The flow field modifications discussed above were a result of the introduction of counter rotating
vortex pairs into the jet by the chevron configurations. Figures 5.4.22 & 5.4.23 depict the near nozzle
streamwise vorticity normalized by the fully expanded jet velocity and diameter for the overexpanded
and ideally expanded conditions respectively. For reference, the nozzle lip line was superimposed onto
the figures to aid in identifying expulsion and penetration of the vortices. In overexpanded operation
the standard configuration produced the highest vorticity magnitude followed by the beveled, clustered,
and finally the symmetric configuration. This trend indicates that an uninterrupted chain of chevrons
is beneficial in terms of vorticity magnitude. Proximity of the vortices limited the azimuthal growth,
leading to elongated vortex shape and increased interaction. It is interesting to note that maximum
near nozzle vorticity did not correlate to increased downstream cross section modification, as seen by
comparing standard and symmetric configuration jet cross sections (Figure 5.4.11). At the ideally ex-
panded condition, the difference between peak vorticity magnitude was reduced, though the symmetric
configuration still achieved the lowest values. Increases in the radial extent of the vortices resulted for
all but the symmetric configuration, most likely due to a lack of proximity. Correspondingly, there was
a reduction in the vortex coherence with an increase in vortex radial extent. Additionally, secondary
vortex structures developed between adjacent main pairs at the radial extent of the vorticity field. The
direction of rotation of these secondary structures was opposite compared to the primary pair. Burak et
al.129 presented similar vorticity features in a computational study of chevrons.
In an effort to quantitatively assess the impact of chevron arrangement on the induced vorticity
field, the maximum vorticity was tabulated at each available axial location, as presented in Figure
5.4.24, for the over and ideally expanded conditions. Following the reasoning of Alkislar et al.150, an
exponential function was fit to each data set to illustrate the peak decay rate. All configurations showed
similar maximum vorticity values and decay rates, though the symmetric configuration induced a lower
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Figure 5.4.21: Normalized integrated axial turbulence development.
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Figure 5.4.22: Streamwise vorticity at z/Dd = 0.5, Mj = 1.22.
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Figure 5.4.23: Streamwise vorticity at z/Dd = 0.5, Mj = 1.50.
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Figure 5.4.24: Variation of maximum streamwise vorticity with downstream position.
near nozzle maximum vorticity than the other configurations. Following the discussion above, this is
thought to result from the reduced proximity of the induced vortex pairs which limited vortex diffusion.
Downstream, the symmetric configuration’s maximum vorticity was larger than the other configurations,
possibly indicating initial vortex interaction results in reduced persistence. Though these differences are
observable, the primary result was that chevron arrangement has limited effect on the maximum vorticity
in comparison to chevron geometry, as presented by Heeb et al.137.
Following the reasoning of Heeb et al.137, a metric that included both magnitude and spatial extent
was deemed to more accurately assess the effect of chevron arrangement on streamwise vorticity. This
metric involves integrating the modulus of streamwise vorticity at the available jet cross section as defined
in Equation 5.4.7.
Γ = ∫
cs
∣ωz ∣dcs (5.4.7)
Figure 5.4.25 displays the resulting decay profiles of the Γ quantity nondimensionalized by the fully
expanded jet velocity and diameter. Unlike the maximum vorticity profiles, the results were not found to
decay exponentially. As expected from the near nozzle vorticity contours presented in Figures 5.4.22 &
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Figure 5.4.25: Variation of Γ with downstream position.
5.4.23, the standard configuration resulted in a higher near nozzle Γ value than the other configurations.
The decay rate of the standard configuration is higher than the other configurations, leading to similar
values by two diameters downstream. The clustered and beveled configurations resulted in similar values
in both the overexpanded and ideally expanded regimes. The symmetric configuration displayed the
lowest decay rate of the investigated configurations, resulting in higher downstream values. This further
illustrates the improved persistence of the symmetric configuration due to reduced vortex interaction and
coincides with the LSS peak amplitude and the downstream integrated turbulence reductions presented
above.
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5.5 Effect of Number
5.5.1 Introduction
The effect of chevron count while holding chevron geometry constant on supersonic jet noise is
investigated within this section through acoustic far field measurements. It is important to note that this
method of investigating chevron count is distinct from previous studies, as individual chevron width has
typically been increased to enable the chevrons to encompass the entire nozzle perimeter; for example
see Bridges & Brown92 and Tide & Srinivasan135. The result of the current methodology is a reduction
in proximity between induced streamwise vortex pairs, which reduces vortex interaction and leads to
increases persistence, as shown above in Section 5.4.3 for the symmetric configuration. In an effort to
remove asymmetric distribution from the investigation only periodically symmetric configurations were
investigated. Consequently, the investigated numbers were limited to 2, 3, 4, 6, & 12 as a result of the
nozzle hardware/chevron attachment locations. This was primarily done to ensure that jet deflection
off of the geometric centerline would not confuse the resulting trends with number. Additionally, the
investigation was performed using the three available chevron penetration levels in an effort to isolate
penetration and number trends. Investigation of azimuthal angle was performed for the investigated
configurations and similar to the symmetric results presented in Section 5.4, limited effect was observed.
Consequently, the results presented herein are limited to an azimuthal orientation such that a chevron
is contained within the measurement plane, in an effort to simplify the comparisons.
As noted above, limited research into the effect of chevron count in the supersonic regime has oc-
curred and even less regarding military style nozzles has been performed. Tide & Srinivasan135 found
a larger number of chevrons to be beneficial, when applied to a sonic nozzle, in terms of noise reduc-
tion, with chevron nozzles with 4, 6, & 8 chevrons achieving 1, 2, & 4 dBs of reduction, respectively.
Zaman et al.116 investigated aggressively designed chevrons on a convergent nozzle and found that two
chevrons resulted in a downstream bifurcation of the jet, while three, four, and five chevrons initiated
jetlets. Increases in chevron number resulted in vortex interaction which led to reduced entrainment and
spreading. Reductions of around 5dB were shown for the four chevron configuration at an observation
angle of 90○. A caveat regarding the applicability of these results to the current study must be given
due to the use of converging nozzles in both studies. As was shown above, the results from sonic nozzles
do not always trend with the results from converging diverging nozzles, particularly in the overexpanded
regime.
5.5.2 Results
Similar to the methodology described in the previous sections, the screech, BSAN, and large scale
mixing noise peaks were extracted from the acquired narrowband spectra using a peak detection routine,
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a gamma fit, and Tam et. al’s.40 LSS spectrum, respectively. These results were then compared to the
baseline values to determine reductions as a function of chevron number as shown in the following figures.
Screech amplitude reduction as a function of chevron number at an over, ideally, and under expanded
condition for the three chevron penetration levels is shown in Figure 5.5.1. The most prominent feature
of the results is the trend with penetration, i.e. at a fixed chevron number, screech amplitude reductions
are a function of penetration, excluding the underexpanded 12 chevron case where the increase in the
high penetration was attributed above to an increase in Mach disk strength. At the overexpanded
condition the screech amplitude reduction shows a generally improving trend with number, possibly due to
increased large scale structure inhibition as discussed above. The low penetration chevrons show limited
effect on screech amplitude, due to the reduced effective penetration by the overexpansion of the jet.
Interestingly, the high penetration 4 chevron configuration out performs all of the other conflagrations,
which considering the flow field results of Zaman et al.116 of a similar configuration, may be due to
the largely asymmetric jet cross-section. The ideally expanded results show a similar tend of improved
screech amplitude reduction with number, though the slopes of the medium and high penetration chevron
configurations is reasonably shallow. This most likely indicates that the lower number configurations were
able to effectively eliminate screech and the additional improvements with number are a result of large
scale turbulence mixing noise reductions. The low penetration chevrons are appreciably able to affect
the screech amplitude at this condition, though the relatively steep slope highlights the possible need
of increased projected area to achieve optimum reduction. Finally, the underexpanded results exhibits
a different trend with regards to the effect of number on screech amplitude reduction, in particular for
the medium and high penetration cases. These cases present optimum reductions with 3-4 chevrons
with increases in number resulting in detrimental reductions. Considering the flow field results presented
in the previous sections, this is most likely due the introduction of secondary shock structures. The
low penetration chevrons still display an increasing trend with number as additional shock structures
were not introduced by this configuration. Optimum reductions are highly configuration and operating
condition dependent, but are generally in the 15-30 dB range.
The BSAN peak amplitude reductions as a function of number are presented next in Figure 5.5.2. To
allow the comparison to be made across all operating conditions and configurations investigated, average
spectral values were adopted in instances that exhibited indistinct BSAN spectral peaks. Typically,
instances with indistinct spectral peaks were identified for the medium and high penetration chevrons
in the lower number range. Similar to the screech results, at a fixed number the BSAN reductions are
a function of penetration in the overexpanded regime. The low and medium penetration configuration’s
reductions improved with increases in number, while the trend is opposite for the high penetration
chevrons. The opposite trend of the high penetration chevrons is possibly a result of an decrease in the
spectral width accompanied by an increase in the peak amplitude of the BSAN as a result of the jet flow
field approaching a more axisymmetric configuration with increases in chevron number. The low and
medium penetration chevron’s BSAN spectral peaks do not display a similar mechanism most likely due
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Figure 5.5.1: Screech amplitude reduction as a function of chevron number. Ψ = 35○.
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Figure 5.5.2: Peak BSAN amplitude reduction as a function of chevron number. Ψ = 90○.
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to the limited effect on the high speed jet core resulting from their respective effective penetrations. At the
design condition the low penetration chevrons again display monotonic improvement in reduction with
number, though limited reduction is achieved in the 2-6 number range. The medium penetration chevrons
exhibit a minimum in reduction at the 6 chevron configuration with the other numbers achieving similar
values. Investigation of the spectral results indicates that the 12 chevron configuration exhibits a strong
secondary BSAN spectral peak, due the initiation of a secondary shock structure (Figure 5.3.6c), which
leads to a reduced primary shock strength167 and consequently a reduced primary BSAN peak. The high
penetration chevrons again show a decreased reduction with increased number. Similar to the medium
penetration chevrons a secondary BSAN spectral peak is identifiable, but the relative amplitude is half
the value. This indicates the redistribution of shock strength is lower for the 12x high penetration chevron
configuration. Finally, the underexpanded results again indicate a linear improvement of reduction with
number for the low penetration chevrons. The medium and high penetration configurations both show
an optimum BSAN reduction with 4 chevrons. The acoustic spectra at in the BSAN frequency range is
roughly flat with both the primary and secondary peaks roughly unidentifiable, possibly illustrating an
optimum shock structure in terms of shock noise reduction. The optimum reduction at this condition
is achieved by the low penetration twelve chevron configuration most likely due to an optimal effective
penetration where shock strength reduction is achieved without inducing secondary shocks. In general,
the investigated configurations were all able to achieve some peak BSAN noise reduction. The medium
and high penetration chevrons generally achieved optimum reductions at lower numbers, while the low
penetration chevrons universally achieved optimum reductions with 12 chevrons. This possibly indicates
a geometric optimization of projected area could have an effect on shock noise reductions.
The final noise source that was quantitatively extracted from the narrowband spectra was the large
scale turbulent mixing noise peak amplitude, shown in Figure 5.5.3. Similar to the previous discussion,
the LSS peak noise reduction was found to trend with penetration at a fixed number for the investigated
operating conditions. The low and medium penetration chevrons generally indicate LSS reductions
that trend with number. On the other hand, the high penetration chevron’s LSS reductions initially
decrease sharply with the additional chevrons, but further additions have limited effect and in fact
can be detrimental to the initial performance. This possibly indicates a saturation of the large scale
turbulent structure growth suppression similar to that shown by Malla et al.121 leading to diminished
returns in terms of noise reduction. The potential for optimization in terms of noise reduction as a
function of performance penalties is highlighted by this result. Further investigation into the relation
between chevron parameters and performance penalties will be presented below in Section 5.8.
Though the effect on the primary noise source peak amplitudes has been established, identical trends
are not guaranteed to exist for overall reductions due to energy/acoustic redistribution, in particular high
frequency noise. Consequently, Figures 5.5.4, 5.5.5, & 5.5.6 were created in a similar manner to those
already presented to illustrate OASPL reduction as a function of number for over, ideally, and under
expanded conditions at an upstream, sideline, and aft observation angle.
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Figure 5.5.3: Peak LSS amplitude reduction as a function of chevron number. Ψ = 150○.
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Figure 5.5.4: OASPL reduction as a function of chevron number. Ψ = 35○.
133
The upstream results (Figure 5.5.4) compiled at Ψ = 35○ do not indicate the same trends shown for
screech reduction at the same observation location. The primary difference is inconsistent trend in regards
to reduction as a function of penetration, which is particularly evident in the relative performance of
the higher number low penetration chevron configurations at the ideally and under expanded conditions.
This is primarily a result of limited high frequency increase by the low penetration chevrons, most
likely resulting from introduction of a lesser amount of small scale structures near the nozzle and/or a
limited increase in BSAN as a secondary shock structure wasn’t induced. Similarly, the lower number
medium and high penetration configurations out perform the higher numbers potentially due to a limited
introduction of secondary shock strucutres. Interestingly, the OASPL reduction at Ψ = 35○ trends almost
identically with the BSAN amplitude results presented above in Figure 5.5.2, indicating the primary
driver behind reduction is shock noise related. Optimal reductions are in the 6dB range and are achieved
by the lower number high penetration configurations in the overexpanded regime, and the low penetration
high number configurations at the ideally and underexpanded conditions.
The sideline OASPL reductions are presented in Figure 5.5.5 and considering the upstream results
were expected to similarly follow the BSAN peak amplitude reductions. Though this expectation held
in general for the 12 chevron configurations, the cases with lower number did not reasonably trend with
the BSAN amplitudes. This is particularly evident of the lower number high and medium penetration
configurations in the ideally and under expanded conditions, which were shown to drastically reduce
BSAN amplitude as compared to the low penetration chevrons. Investigation of the narrowband spectra
indicates this is a result of increases in the high frequency content most likely due to the entire BSAN
shifting to higher frequencies as a result of shortened shock cells. Following Equation 2.3.8 the effect
of shock spacing on a high frequency shift will to be exaggerated at Ψ = 90○ as compared to Ψ = 35○
simply due to the effect of observation angle. The discrepancy between the dominant noise source peak
amplitude reduction and OASPL reduction at a fixed observation angle highlights the need to investigate
both the detailed and overall metrics to gain an overall understanding of the modifications enacted by a
noise reducing technology.
Finally, the aft angle OASPL reductions are presented in Figure 5.5.6. Similar to the LSS amplitude
results, the OASPL reductions at Ψ = 150○ are monotonically increasing functions with penetration, at a
fixed number for all operating conditions. Furthermore, the trends with increased number roughly mirror
the LSS amplitude results, though the OASPL reductions do not experience the saturation of the LSS
amplitude at higher number. This is a result of improved mid-frequency reductions (St ≈ 1) with number,
possibly a result of the reduced secondary BSAN spectral peak as discussed above. Spectral results at
the Ψ = 90○ observation angle confirm this supposition, particularly in the underexpanded regime where
secondary shock structures were shown to be prevalent. Optimal reductions are in the 3-4dB range for the
over- and under- expanded conditions, while the ideally expanded results indicate reductions which are
roughly double that value. Investigation of the narrowband spectra indicate this is due to the occurrence
of high amplitude screech, which is still discernible downstream, combined with the large LSS amlitude
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Figure 5.5.5: OASPL reduction as a function of chevron number. Ψ = 90○.
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Figure 5.5.6: OASPL reduction as a function of chevron number. Ψ = 150○.
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reductions dicussed above. In nearly all cases, at a fixed penetration level larger numbers are optimal
in terms of aft angle OASPL reductions, possibly indicating a dependence on projected area, a feature
which will be investigated further in Section 5.8.
Due to the large number of configurations investigated the narrowband spectra are presented as
contours of noise reduction plotted against frequency and angle to allow modification of both the angular
and frequency content to be illustrated, as shown below in Figures 5.5.7, 5.5.8, & 5.5.10. The columns
of the figures correspond to chevron penetration progressing from left to right. Similarly, the rows of
the figures correspond to chevron number starting with 2 and increasing downwards to 12 in the final
row. In addition to the contours of noise reduction, the primary peak BSAN frequency of the baseline
jet is highlighted following Equation 2.3.8, where 70% of the fully expanded velocity was used for the
convective velocity and the shock spacing was back calculated from the Ψ = 90○ spectra.
The overexpanded results (Figure 5.5.7) highlight the previously discussed dependence of screech,
BSAN, and LSS mixing noise on penetration at a fixed chevron number. The vertical blue stripe located
at St ≈ 0.55 illustrates the reduction of screech amplitude across nearly all of the investigated observa-
tion angles. Similarly, reductions of the BSAN amplitude follow the baseline’s BSAN peak frequency
illustrated by the pink line. Additionally, the reduction of two BSAN harmonics was achieved by several
of the configurations, particularly evident in the six medium penetration chevron configuration as shown
by the two blue swaths which are parallel to the primary BSAN peak frequency. The LSS frequency peak
occurs at a Strouhal number of roughly 0.2, which roughly shows improvement with both penetration and
number across all of the measured observation angles. The dominant factor responsible for noise reduc-
tion in the overexpanded regime is easily identifiable as the BSAN reduction, with peak values exceeding
8dB. The under-performance of the low penetration chevrons at this operating condition is highlighted
by the contours which are roughly within 1 dB of 0, excluding the screech tone. The medium penetration
chevron’s reductions generally improve with number across the entire frequency range and are able to
achieve significant reduction. Finally, the high penetration chevrons performed optimally as indicated
above, though increases in number did not directly translate into improved reduction. An indication of
a high frequency penalty/frequency shift beginning to occur with increases in chevron number for the
high penetration configurations is evident by the increase in orange area at the aft angles. Because of
this and limited improvement of achieved reduction, the six chevron configuration would most likely be
selected as the overall optimum configuration.
The ideally expanded results are presented in Figure 5.5.8, following the same methodology already
described. The presence of a high frequency penalty is easily identifiable for all Strouhal numbers above
the baseline’s peak BSAN frequency for all configurations. Large amplitude reductions occur at the
baseline’s BSAN spectral peak, while large amplitude increases occur at frequencies parallel to, but
slightly higher in frequency than, the baseline’s BSAN spectral peak illustrated by the pink line. This
result is the reason behind the supposition that the high frequency penalty is in part the result of a
frequency shift of the BSAN following a shortening of the average shock cell length. Maximum penalties
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Figure 5.5.7: Contours of noise reduction. Columns correspond to low, medium, and high penetration.
Number is constant across a row and increases from 2 to 12 progressing downward. Mj = 1.22.
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occur in the 60○ < Ψ < 80○ which corresponds to the region of dominant propagation of BSAN168, further
reinforcing the notion of a frequency shift. Penetration is shown to directly increase the high frequency
penalty, independent of chevron number under investigation. This indicates a positive correlation between
shock spacing reduction and penetration at this operating condition, which was confirmed for the twelve
chevron configuration above in Section 5.3. The effect of number on the high frequency penalty indicates
an increasing trend that peaks at six chevrons with a slight decrease at the twelve chevron configuration,
which explains the upstream and sideline OASPL trends presented above. The effect of number on
aft angle reduction is also illustrated by the upper left quadrant of the spectral contours which show
increasing improved reduction at all frequencies below the baseline’s BSAN spectral peak with number.
It should be noted that the baseline jet exhibits large amplitude screech at the ideally expanded
operating condition, which has been shown to reduce higher frequency noise (BSAN and/or fine scale
mixing)71;169. To further emphasize why the high frequency penalty is thought to result from a frequency
shift, Figure 5.5.9 was generated using identical narrowband data that was simply frequency normalized
using different length scales. Subfigure 5.5.9a was normalized into a Strouhal number based on the fully
expanded jet diameter, while Subfigure 5.5.9b used a Strouhal number based on the mean shock strength
back calculated from Equation 2.3.8 following the method described above. As seen, the high frequency
penalty is easily identified when the acoustic spectra are normalized by the fully expanded jet velocity,
but when the average shock spacing is used the two spectra collapse for nearly all frequencies excluding
screech tones.
Finally, the spectral reductions at an underexpanded condition are presented in Figure 5.5.8. In-
terestingly, the high frequency penalty present at the ideally expanded condition is less pronounced,
though the effective penetration increased due to the elevated operating condition. Investigation of the
narrowband spectra indicates this is the result of large amplitude BSAN reductions which negate some
of the shift to higher frequencies. Furthermore, the chevrons were shown to be less effective at reducing
shock cell length in the underexpanded condition above in Figure 5.3.14, indicating a less aggressive fre-
quency shift. Penetration does play a role in the magnitude of high frequency penalty at this condition
though interestingly, there is a large reduction when increasing the number from six to twelve. This is
most likely due to the six chevron configuration shortening the shock cell length further than the twelve
chevron configuration, which was confirmed above in Figure 5.4.18 for the high penetration chevrons.
Similar to the overexpanded results, primary reductions are in BSAN as indicated by the large swaths
of blue on either side of the baseline’s spectral peak. The twelve chevron low penetration configuration
performs optimally at this operating condition as limited high frequency penalty was induced and a
secondary BSAN spectral peak was not induced as was the case in the medium and high penetration
twelve chevron configurations.
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Figure 5.5.8: Contours of noise reduction. Columns correspond to low, medium, and high penetration.
Number is constant across a row and increases from 2 to 12 progressing downward. Mj = 1.50.
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Figure 5.5.9: Narrowband spectral comparison illustrating frequency shift due to shock cell spacing.
Mj = 1.50.
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Figure 5.5.10: Contours of noise reduction. Columns correspond to low, medium, and high penetration.
Number is constant across a row and increases from 2 to 12 progressing downward. Mj = 1.56.
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5.6 Effect of Alternating Penetration
5.6.1 Introduction
Limited research has been performed regarding chevron nozzles with alternating penetration. The
primary emphasis has typically been on the core nozzle of dual stream jets with chevrons penetrating
into the inner and outer flow paths; for example see Martens170 and Saiyed et al.171. Consequently, the
results are not applicable in the current application. In a similar vein, no investigations into the effect of
alternating penetration have been performed on military style exhaust nozzles to the author’s knowledge.
The impetus behind investigating chevron nozzles with alternating penetration applied to military
style nozzles was a desire to improve the effectiveness of a configuration across the investigated operating
space. For example, a combination of the six chevron high and low penetration configurations could be
beneficial as the two configurations were shown to perform optimally at opposite ends of the operating
range. Furthermore, introduction of streamwise vortex pairs at differing radial positions due to the
alternation of penetration could result in improved persistence as vortex proximity was shown to be
detrimental to vorticity persistence in Section 5.4.
Within this section, far field acoustic measurements were used to investigate the effect of alternating
chevron penetration on jet noise reduction. Three configurations were investigated. These consist of
the combination of low-medium, low-high, and medium-high penetration chevrons, respectively. Twelve
total chevrons, six of each type, were used for these configurations in an effort to ensure that off axis
jet deflection was not confounding acoustics results. The six chevron high penetration configuration
was used as the point of comparison to allow direct judgment of improved noise reduction across the
investigated operating range.
5.6.2 Results
Relative OASPL reductions compared to the six chevron high penetration case are presented in
Figure 5.6.1. Schematics of the three alternating penetration configurations are provided in Sub-figure
5.6.1d for clarity. Due to the combinations of chevrons, these configurations are denoted: L-M, L-
H, M-H, which correspond to the second through fourth schematic respectively. In the overexpanded
regime limited improvement is observed, with only the M-H configuration achieving an approximately
0.5dB reduction at the very aft angles. This additional reduction results from improved mid frequency(0.3 < St < 2) amplitudes, which most likely results from a decrease in the peak BSAN spectral frequency
relative to the six chevron high penetration configuration, as will be discussed below. At nearly all
other observation angles the alternating penetration configurations are out performed by the simple six
high penetration chevron configuration. The under performance of the L-M was expected due to the
limited ability of either penetration’s six chevron configuration to appreciably affect the noise at this
overexpanded condition as presented in Section 5.5. The addition of the low penetration chevrons to the
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six high penetration chevron configuration has limited effect at all but the Ψ = 40○ observation angle.
The additional upstream noise is a result of increased high frequency content, most likely resulting from
degraded BSAN reductions. Similarly, the M-H configuration exhibits excess noise at the upstream
angles resulting from a high frequency increase, most likely due to a reduction in the effectiveness in
reducing the BSAN which could result from reduced large scale structure growth inhibition. Moving on
to the design condition, the results indicate a roughly constant 1dB improvement across the observation
arc in OASPL reductions by the L-M and L-H configurations. Narrowband spectra indicate this is a
result of reduced high frequency content, which could result from improved BSAN reduction and/or a
decrease in BSAN peak frequency shift. Additionally, in the case of the L-M configuration, a reduction
in the production of fine scale turbulence at the nozzle exit could also decrease the high frequency
content due to fine scale mixing noise suppression. On the other hand, the M-H configuration displayed
limited improvements only at the aft angles, along with penalties in the forward quadrant. Similar to the
discussion above, the aft angle improvements result from decreased high frequency amplitudes potentially
due to slightly decreased BSAN peak frequency shift, while the upstream penalties result from degraded
BSAN reductions. Finally, in underexpanded operation the L-M configuration performs optimally at all
but the furthest aft observation angle with consistent improvements of around 1dB. This was expected
following the chevron number study presented above, where the lower penetration chevrons were shown
to out perform the higher penetration configurations significantly in the underexpanded regime due to
limited high frequency penalty and negligible introduction of secondary BSAN spectral peaks. The L-
H configuration achieves a half to one decibel of reduction across the observed angles, while the M-H
configuration exhibits forward arc penalties and aft angle improvements. The reasoning behind the
configurations performance at this condition follows the design condition: relative BSAN amplitudes
cause improved or degraded sideline and forward arc performance, while aft angles benefit from a mid
to high frequency reduction resulting from decreased BSAN peak frequency.
In an effort to quantitatively assess the modifications to the key noise sources, peak values were
extracted following the method outlined in Section 5.4. The first of these is the screech amplitude as
shown below in Figure 5.6.2. For perspective, the six high penetration configuration was already shown
to reduce the screech amplitude in the range of 15-30dB depending on the operating condition in Section
5.5. In nearly all cases this was effectively an elimination of screech. Consequently, limited improvement
was expected in terms of additional screech reduction. At the highest overexpanded condition, the L-M
configuration presents the worst reduction, with an approximate increase of roughly 5dB compared to the
six high penetration chevron configuration. This results from the lesser ability of the low and medium
penetration chevrons to affect the jet at this operating condition due to effective penetration. The L-H and
M-H configurations achieve values close to the six high penetration chevron configuration, with a roughly
1dB increase and a 1.5dB decrease by the configurations respectively. The baseline jet at the Mj = 1.36
condition exhibited the highest amplitude screech of the investigated points and consequently was the
single condition where the six high penetration chevron configuration was unable to effectively eliminate
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(d) Plot legend.
Figure 5.6.1: OASPL reduction relative to the six chevron high penetration configuration.
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Figure 5.6.2: Screech amplitude. Ψ = 35○.
screech. This additional room for improvement was made up by both the L-H and M-H configurations
with reductions which were improved by approximately 1.8dB and 3.7dB respectively, while the L-M
configuration achieved roughly equivalent reductions. This is potentially due to the additional reduction
of azimuthal symmetry and/or the elimination of unmodified nozzle hardware for the acoustic feedback to
interact with. The design condition was also shown to exhibit large amplitude screech, but as noted above,
the six high penetration chevron configuration was effectively able to eliminate the tone. Both the L-M
and M-H configuration exhibit slightly increased screech amplitude, while the L-H configuration achieves
practically the same value. Up until this point, moving from the L-M up to the M-H was beneficial in
terms of screech reduction. In the underexpanded regime the trend regarding screech amplitude and the
configurations under investigation switched such that progressing downwards from the M-H to L-M is
beneficial for screech reduction. This is possibly due to the introduction of additional shock structures
by the configurations possessing larger penetration chevrons. Interestingly, the six high penetration
configuration does not show a similar degradation in performance, possibly due to the pressure relief
between the chevrons reducing the strength of the secondary shock structures.
The second noise source that was examined was the peak BSAN amplitude at an observation angle
of Ψ = 90○, as depicted in Figure 5.6.3. As detailed in Section 5.5, the six high penetration chevron
configuration achieved peak BSAN amplitude reductions in the 3-6dB range, depending on the operating
condition of the jet. Excluding the M-H configuration at the highest operating condition, all of the
investigated configurations achieved reductions within plus or minus 2.5dB of the six high penetration
configuration’s BSAN peak reduction. In general, the L-M configuration performed optimally in the
underexpanded regime, while performing unfavorably in the overexpanded regime. This is thought
to result from effective penetration reducing capability in the overexpanded regime, but this reduced
level of effective penetration enables underexpanded operation to occur without the introduction of
additional shock structures. The L-H configuration achieves roughly identical reduction as the six high
penetration chevron configuration in the overexpanded regime, indicating limited effect of adding the low
penetration chevrons. At the design and slightly overexpanded condition, improvements on the order
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Figure 5.6.3: Peak BSAN amplitude. Ψ = 90○.
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Figure 5.6.4: Peak BSAN frequency. Ψ = 90○.
of 1.5dB were achieved, though an increase of approximately 1dB occurred at the highest operating
condition. Finally, the M-H configuration exhibited increased BSAN peak amplitudes at all investigated
operating conditions. This result somewhat follows those in Section 5.4, which indicated the twelve high
penetration chevron configuration was outperformed by the six chevron configuration due to improved
shock strength reduction.
In addition to the modifications to the peak BSAN amplitude, changes to the peak frequency also
occured due to the application of the different configurations, as indicated by Figure 5.6.4. The primary
feature worth noting in regards to the comparison of the six high penetration chevron configuration
to the azimuthally varying penetration configurations, is that the peak BSAN frequency of the six
chevron configuration is of larger amplitude at all investigated operating conditions. This confirms the
discussion above, which indicated that a reduction in high frequency penalty by the azimuthally varying
configurations was a result of a reduced BSAN frequency shift. The other prominent feature worth
noting is the drastically smaller peak frequency of the L-M configuration in the overexpanded range.
This indicates a drastic reduction in effect on the jet flow field, which potentially results from effective
penetration issues.
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Figure 5.6.5: Peak large scale turbulent mixing noise amplitude. Ψ = 150○.
Finally, the large scale turbulent mixing noise peak was extracted from the narrowband spectra for
quantitative analysis as shown in Figure 5.6.5. For reference, the six high penetration chevron config-
uration achieved reductions in the 4-6dB range relative to the baseline jet as determined above. In all
cases the investigated azimuthally varying penetration configurations were out performed by the six high
penetration chevron configuration in terms of large scale turbulent mixing noise peak amplitude reduc-
tion. Both the L-H and M-H configurations were only sightly surpassed, with an average difference under
0.5dB for both configurations. The L-M configuration on the other hand, was significantly outperformed
with an average difference exceeding 1.5dB. Similar to the discussion in Section 5.4, this is thought to
result from decreased streamwise vortex persistence due to negative streamwise vortex interaction, which
in turn, results from the azimuthal proximity of the chevrons. Consequently, the introduction of the
vortex pairs at differing radial locations in the azimuthally varying configurations was either ineffective
and/or the radial difference was not of significant enough magnitude to reduce the negative interaction.
Similar to the figures presented in Section 5.5, contours of noise reduction relative to the six high
penetration chevron configuration are presented in Figure 5.6.6. The individual columns of the figure
correspond to the three alternating penetration configurations; as indicated by the column headers, while
the figure’s rows correspond to the three main operating conditions under investigation increasing from
the lowest to highest progressing downwards. In addition to the noise reduction contours, the peak
BSAN frequency of the six high penetration chevron configuration, calculated following the methodology
described above, is illustrated as the dashed line. The overexpanded results further illustrate the limited
ability of the investigated alternating penetration configurations to improve noise reduction. The L-M
configuration displays large amplitude increases at frequencies just lower than the highlighted BSAN
spectral peak, which is the combined result of decreased peak BSAN frequency shift due to limited
shock spacing reduction and a decreased BSAN reduction. Additionally, high frequency increases were
observed, further highlighting the inability of the L-M configuration to improve noise reduction. The L-H
configuration displays limited differences except at the BSAN peak and higher frequencies in the upstream
direction, confirming the OASPL results presented above. Finally, the mid frequency improvement of the
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M-H configuration is highlighted as the blue swath at frequencies lower than the BSAN spectral peak.
At the forward angles, this reduction is outweighed by the increased BSAN, but at aft angles the region
of reduction encompasses more of the frequency range and the BSAN degradation is reduced, leading
to a slight improvement in OASPL. At the design condition, all three of the investigated configurations
indicate a slight decrease in the BSAN spectral peak frequency as indicated by the orange/red area just
to the right of the dashed line. Additionally, a secondary increase at higher frequencies is observed due
to the presence of the first harmonic of the BSAN. Both the L-M and L-H configurations indicate slight
increases in the low frequency mixing noise dominated region along with improvements at frequencies
higher than the mentioned BSAN harmonic. The high frequency reductions, which most likely result
from the reduced frequency shift, overcome the low frequency degeneration at all but the aft angles, as
shown previously in the OASPL results. Similar results are presented for the M-H configuration, except
the BSAN degeneration is of larger magnitude, which in turn led to the limited OASPL modification.
Finally, the underexpanded results roughly mimic the results at the design condition: the configurations
display increased low frequency and decreased high frequency noise along with BSAN variation resulting
from peak frequency differences. Improvements generally trend with the peak BSAN reductions.
Finally in the effort of completeness, narrowband spectra are presented in Figures 5.6.7, 5.6.8, and
5.6.9, for the over-, ideally, and under- expanded conditions, respectively. These results were already
discussed above, but provide a more quantitative comparison of the acoustic spectra.
The most notable feature of the overexpanded results (Figures 5.6.7) is the L-M configuration’s re-
duced frequency shift of the BSAN and the general under performance of the configuration, particularly
at the sideline and upstream angles. Additionally, the slightly improved mid-frequency reduction of the
M-H configuration is visible in the aft angle plot. Again to reiterate, the alternating penetration config-
urations display limited improvement in the overexpanded regime and due to the increased complexity
and possible thrust penalties are not recommended for use.
The ideally expanded spectra highlight the previously discussed improved shock noise reduction of the
L-M and L-H configurations, along with the general improvements of the high frequency noise. This last
feature is the primary driver behind the OASPL improvements discussed above. The M-H configuration’s
decreased BSAN reduction is also highlighted, along with the slightly reduced high frequency reduction.
Lastly, the acoustic spectra of the underexpanded condition is shown in Figure 5.6.9. The results show
very similar trends to the ideally expanded condition, with the exception of a significant secondary BSAN
peak. In all cases the alternating penetration configurations display an increased secondary BSAN peak
amplitude of similar magnitude, though the L-M and L-H configurations do achieve significant primary
BSAN spectral peak reductions. This possibly indicates the introduction of a highly complex secondary
shock structure by the inclusion of additional chevrons. Overall noise reductions are primarily driven by
high frequency improvements, of which the L-M configuration achieves optimally.
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Figure 5.6.6: Contours of noise reduction relative to the six chevron high penetration configuration.
Columns correspond the schematic heading and rows correspond to jet Mach number, increasing downwards
from 1.22, to 1.50, to 1.56.
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Figure 5.6.7: Comparison of narrowband acoustic spectra. Mj = 1.22.
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Figure 5.6.8: Comparison of narrowband acoustic spectra. Mj = 1.50.
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Figure 5.6.9: Comparison of narrowband acoustic spectra. Mj = 1.56.
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5.7 Effect of Azimuthal Asymmetry Combined with Non-constant
Penetration
5.7.1 Introduction
The final investigation that was performed was the combination of chevron arrangement with non-
constant chevron geometry. Similar to the discussion above, limited research has been performed re-
garding this specific geometry/arrangement. Typical investigations have been performed on commercial
style jets which already display a significant azimuthal jet structure due to the presence of the pylon
and bifurcation. The arrangement/variation of chevron parameters is generally relative to the pylon
azimuthal location which typically tapper away from the pylon. Though highly set point dependent,
optimal BSAN reductions up to 5dB (specific frequencies) has been shown to occur134;172.
(a) Beveled. (b) Clustered.
Figure 5.7.1: Schematic of the two investigated configurations.
Chevron configurations based on the above premise, a central chevron with high penetration with
additional chevrons flanking with progressively reduced penetration as azimuthal angle is increased,
were investigated. Due to the number attachment locations and the number of chevron geometries, the
investigated configurations were limited to a beveled and a clustered arrangement (a schematic of which
is shown in Figure 5.7.1). These configurations will be compared to the standard beveled and clustered
arrangements already presented in Section 5.4 to gauge possible noise reduction improvement and/or
the ability to achieve similar noise reduction while possible reducing the required performance penalty.
For clarity, the azimuthal orientation of the combination configurations replicates the previously defined
convention.
5.7.2 Beveled Results
Of the two configurations under investigation, the beveled arrangement will be considered first. The
beveled arrangement consisting of non-constant chevron geometry, denoted “combo” as it combines az-
imuthal variation of arrangement and geometry, will be compared to the standard configuration consisting
of constant geometry chevrons already presented above. It should be noted that the number of chevrons
of the standard beveled configuration consists of six, while the combination configuration is comprised
only of five chevrons due to the configuration’s definition.
The overall performance of the combination configuration was assessed by computing the OASPL
difference relative to the standard configuration at the three measured azimuthal angles (Φ =
154
0○, 90○, & 180○) as shown in Figure 5.7.2. Due to the order of the difference, positive deltas indi-
cate a degradation of performance relative to the standard configuration, while negative numbers indi-
cate improvement. In the overexpanded regime (Subfigure 5.7.2a), the noise reduction is nearly always
suppressed, especially at the Φ = 180○ orientation, with maximum degradations of 3dB in the shock
dominated region. Investigation of the narrowband spectra indicate the large increase at these locations
results from the combo configuration’s reduced screech suppression, which may be due to a reduced jet
deflection off of the geometric centerline. The Φ = 0○ & 90○ orientations are both able to achieve forward
and aft reductions within 1dB of the standard configuration. The 90○ orientation achieves similar aft
reductions, while the Φ = 0○ displays degraded reductions. Considering the results above: introduction of
vorticity within the measurement plane improved reductions on the order of several dB, this is most likely
a result of reduced induced vorticity by the combo configuration. The aft angle comparison of the other
two observation angles is most likely unaffected by this as the streamwise vortices were not introduced
within the measurement planes. The results at the design condition indicate the combination configu-
ration slightly underachieves the standard configuration on the order of 1dB, independent of azimuthal
orientation. The Φ = 90○ & 180○ orientations roughly achieved the same reduction at sideline and further
aft angles, while the Φ = 0○ again displays degraded results following the reasoning expressed above.
Finally, the underexpanded results present a very similar story with the upstream results were within
a decibel and further aft differences were negligible except for the Φ = 0○ orientation which displays a
roughly 2dB under performance by the combination configuration.
Similar to the sections above, individual noise components were extracted from the narrowband
spectra in an effort to help explain the overall trends discussed above. Again a peak detection algorithm
was used to identify screech, a gamma distribution was fit to the primary BSAN spectral peak to extract
frequency and amplitude, and the large scale similarity spectrum of Tam et al.40 was used to identify
the aft turbulent mixing noise.
The first of the noise components that was investigated was screech, the amplitudes of which are
shown below in Figure 5.7.3 for the investigated azimuthal orientations and operating conditions. The
primary feature of Figure 5.7.3 is the relatively large amplitude screech tone measured for the combination
configuration at Mj = 1.36. Similar to the sections above, it is important to note that the baseline jet
displays high amplitude screech at this condition. This indicates that the combination configuration was
unable to significantly effect the baseline screech at the Mj = 1.36 condition, most likely due to limited
effective penetration and the low number of high penetration chevrons. At the highest overexpanded
condition the two configurations perform similarly except at the Φ = 180○ orientation, where the standard
configuration achieves reductions approximately 5dB greater than the combination configuration. This
is thought to be a result of a reduced jet centerline deflection, as was discussed above. A similar trend in
regards to the Φ = 180○ orientation is observed for all of the investigated operating conditions. Excluding
the Mj = 1.36 condition, the Φ = 0○ & 90○ orientations also trend similarly between the configurations
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Figure 5.7.2: OASPL difference (Combo-Std) at several jet Mach numbers.
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Figure 5.7.3: Screech amplitude. Ψ = 35○.
with the Φ = 90○ outperformed by the Φ = 0○ in all cases, though the standard configuration performs
optimally across the operating envelope.
The comparison of the broadband shock associated noise amplitude is located in Figure 5.7.4. At
the Mj = 1.22 condition, the configurations perform within approximately 0.5dB for the Φ = 0○ & 90○
orientations, while the combination configuration is outperformed by over 4dB at the Φ = 180○ orientation.
The inability of the combination configuration to deflect the jet centerline, and consequently have limited
effect at the Φ = 180○ orientation, is again thought to be the cause of the under performance. At the
slightly less overexpanded condition, similar results are displayed, though the combination configuration
was able to achieve significant improvement at the Φ = 90○ orientation. The results at the design
condition indicate the combination configuration is outperformed by the standard configuration at the
corresponding azimuthal arrangement. Typical degradation is on the order of 1.75dB and is thought to
result from increased shock strength relative to the standard configuration. Finally, in the underexpanded
regime the standard and combination configurations display a similar trend in regards to azimuthal
orientation. The Φ = 0○ & 180○ orientations display similar results, while the Φ = 90○ orientation displays
noise reduction deterioration on the order of 1.5dB. This is possibly a result of the presence of a low
penetration chevron near the measurement plane instead of a high penetration chevron as is the case of
the standard configuration reducing the effect on the shock structure.
In addition to the peak BSAN amplitude, the corresponding peak frequency was also extracted from
the narrowband spectra as shown in Figure 5.7.5. The primary feature worth noting in regards to the
BSAN peak frequency is that at a given azimuthal angle the standard configuration’s peak is always
at a higher value than the combination configurations. This indicates standard configuration reduces
the shock cell spacing to a larger extent as compared to the combination configuration. Similar to
the discussions in the previous sections, this indicates a possible reduction of a high frequency penalty
resulting from the frequency shift of BSAN. Additionally, the relatively constant BSAN peak frequency
of the combination configuration provides a witness to the inability of the configuration to significantly
effect the jet azimuthally as compared to the standard configuration.
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Figure 5.7.4: Peak BSAN amplitude. Ψ = 90○.
1.22 1.36 1.5 1.56 1.64
0
0.5
1
1.5
2
Std. Φ= 0◦
Std. Φ= 90◦
Std. Φ= 180◦
Combo. Φ= 0◦
Combo. Φ= 90◦
Combo. Φ= 180◦
Mj
B
S
A
N
S
tr
o
u
h
a
l
N
u
m
b
e
r
Figure 5.7.5: Peak BSAN frequency. Ψ = 90○.
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Figure 5.7.6: Peak large scale turbulent mixing noise amplitude. Ψ = 150○.
Finally, the large scale turbulent mixing noise amplitude results are presented in Figure 5.7.6. The
most prominent feature of the large scale turbulent mixing noise results is that at a given azimuthal
orientation, the standard configuration out performs the combination configuration, irrespective of oper-
ating condition. The average benefit of the standard condition across all of the investigated parameters is
1.1dB, though the maximum exceeds 3.25dB which corresponds to the Ψ = 0○ orientation at the Mj = 1.36
operating condition. Investigation of the effect of azimuthal orientation indicates that both of the con-
figurations follow the same trend of decreased reductions as Ψ increases. Following the reasoning above,
this is thought to result from the induced vorticity locally inhibiting large scale structure growth and
consequently improving large scale mixing noise reduction in-plane with the chevrons (−75○ < Ψ < 75○
for the combination configuration).
As with the sections above, trends regarding the peak amplitudes of the main noise components do not
necessarily translate into overall reductions, primarily due to frequency shifts in the current investigation.
Consequently, contours of the difference between the configurations narrowband spectra were created to
identify regions of improvement and degradation achieved by the combination configuration as shown
in Figure 5.7.7. Similar to the sections above, the sub-figures are arranged such that jet Mach number
is constant in each row and increases downwards, while the columns correspond to azimuthal angle
increasing from zero to one hundred and eighty. Additionally, the primary BSAN spectral peak of the
standard configuration, calculated following the method described above, is illustrated by the dashed line.
Starting with the overexpanded results, the primary degradations occur at frequencies lower than the
denoted BSAN spectral peak, while frequencies higher than the BSAN spectral peak trade back and forth.
This is attributed to a reduction in the induced integrated streamwise vorticity modulus, a metric which
was shown to indicate large scale turbulent mixing noise reductions above, as lower penetration chevrons
were employed. Additionally, sideline screech at all orientations and peak BSAN at Φ = 180○ display
diminished reductions when comparing the combination to the standard configuration. It is thought
that a reduction in centerline deflection, along with reduced azimuthal cross-section are responsible for
the increased noise levels. Similar results are displayed at the design condition, though the frequencies
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Figure 5.7.7: Contours of noise reduction relative to the corresponding standard configuration. Rows cor-
respond to jet Mach number increasing downwards (1.22, 1.50, & 1.56). Columns correspond to azimuthal
angle, the left Φ = 0○, the middle Φ = 90○, and the right Φ = 180○.
higher than the indicated BSAN spectral tend to favor the combination configuration. This is thought to
be an indicator of a reduced frequency shift as discussed above. Similarly, the BSAN increase at Φ = 0○
is thought to primarily result from the frequency shift. Finally, the underexpanded condition displays
related results, with an increase in noise lower than the BSAN spectral peak and decrease higher than
the peak, further indicating a larger shift in frequencies by the standard configuration.
To conclude the beveled investigation, narrowband spectral plots were created to quantitatively
confirm the differences between the standard and combination configurations. These plots correspond
to the data presented above and are grouped by operating condition with upstream, sideline, and aft
observation angles presented.
The overexpanded condition is shown below in Figure 5.7.8. The main difference between the config-
urations at this condition is the slightly reduction in low frequency noise by the standard configuration as
noted above. Limited BSAN spectral peak frequency shift is observed between the configurations, exclud-
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ing the Φ = 180○ orientation. Consequently, the low frequency gains made by the standard configuration
translate directly into noise reduction.
The main feature of the ideally expanded condition (Figure 5.7.9) is the increase in BSAN peak
frequency by the standard configuration relative to the combination configuration, which is discernible
in the Ψ = 35○ & 90○ directions. A small amount of high frequency penalty is observed, which is offset by
the shock noise reduction as indicated by the OASPL results above. The aft angle Φ = 0○ orientation’s
narrowband spectra display an interesting spectral shape relative to the other two configurations. This
is most likely a result of a decrease in the large scale turbulent mixing noise amplitude by the presence
of induced vorticity allowing the both the large and small similarity spectrum to be easily identifiable.
Finally, the underexpanded results show very similar results to the design condition. The BSAN
shifts to higher frequencies resulting in high frequency penalty, low frequency noise is generally reduced,
and the large scale turbulent mixing noise reduction at aft angles allows both the small and large scale
similarity spectra to be identifiable.
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Figure 5.7.8: Comparison of narrowband acoustic spectra. Mj = 1.22.
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Figure 5.7.9: Comparison of narrowband acoustic spectra. Mj = 1.50.
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Figure 5.7.10: Comparison of narrowband acoustic spectra. Mj = 1.56.
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5.7.3 Clustered Results
Similar to the beveled discussion above, the clustered configuration consisting of non-constant ge-
ometry chevrons will be know as the combination configuration and the standard configuration will be
considered the configuration with constant geometry chevrons. Also, it should be noted that the number
of chevrons that make up each group was not constant as the standard clustered configuration consisted
of six chevrons (originally presented in Section 5.4), while the combination configuration was made up
of ten chevrons to allow the penetration to taper down from high to low. Due to the geometry of the
configurations two azimuthal orientations will be presented below, Φ = 0○ & 90○. These angles corre-
spond to the major and minor axes of the elliptic jet cross section that was exhibited by the standard
configuration above.
The overall relative performance of the combination configuration was assessed by computing the
OASPL difference relative to the standard configuration at the two measured azimuthal angles, which
is shown below in Figure 5.7.11. As the standard configuration’s OASPL values were subtracted from
the combination’s values, positive deltas indicate a degradation of performance relative to the standard
configuration, while negative numbers indicate improvement. The overexpanded results indicate very
similar performance between the standard and combination configurations. Slight benefit occurs at the
sideline angles and the forward and aft angles exhibit slight degradation all of which are within ±0.6dB.
Due to the reasonably small difference identifying the main source of improvement is somewhat difficult,
though the detailed analysis that will be presented below indicates the combination configuration reduces
the peak BSAN amplitude and the peak frequency pointing towards a reduction in shock strength and
an increase in spacing. The slight reduction in aft angle improvements possibly indicates that the combi-
nation configuration achieves lower large scale turbulence inhibition due to reduced streamwise vorticity
introduction. The ideally expanded results indicate the combination configuration is able to improve
upon the standard configuration at all but the aft most angle at an azimuthal angle of Φ = 0○. Typical
reductions are on the order of one decibel and trend towards the sideline angles, indicating improved
shock noise reductions similar the overexpanded condition. Finally, the underexpanded results indicate
improvement across all observation angles and azimuthal orientations by the combination configuration.
The average improvement is 1.1dB though the two azimuthal orientations no longer display the same
trends regarding observation angle. Investigation of the narrowband spectra reveals that this is caused
by an increase in the secondary BSAN spectral peak at the Φ = 0○ orientation, possibly due to vortex
shock interaction.
Similar to the sections above, the main noise components were extracted from the narrowband spec-
tra and compared in an effort to gauge the effect of the configurations. The first of which was the screech
amplitude shown below in Figure 5.7.12. The primary feature worth noting is the diminished ability of
the combination configuration to affect screech at the highly overexpanded condition. This most likely
is a result of the reduced number of high penetration chevrons relative to the standard configuration, a
feature which was shown to reduce effectiveness on the same order of what is presented here in Section
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Figure 5.7.11: OASPL difference (Combo-Std) at several jet Mach numbers.
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Figure 5.7.12: Screech amplitude. Ψ = 35○.
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Figure 5.7.13: Peak BSAN amplitude. Ψ = 90○.
5.5 above. In all other cases, the difference in reduction between the configurations at identical azimuthal
orientations is within 2.6dB, though a clear trend regarding the optimal configuration is not established.
Increases are observed for the combination configuration in the underexpanded regime, while improve-
ments are accomplished at the design and Mj = 1.36 operating condition. This most likely results from
both configurations effectively eliminating the phenomena of screech, and slight variances in the binning
of the screech tone by the Fourier transform result in amplitude differences.
The broadband shock associated noise peak amplitude was investigated next, the results of which
are shown below in Figure 5.7.13. In all cases the combination configuration achieves better BSAN
reductions as compared to the standard configuration at the same azimuthal orientation. The Φ = 0○
displays slightly better improvement than the Φ = 90○ orientation with average reductions of 1.5dB and
0.9dB, respectively. Considering the results presented above, which indicated that the azimuthal orien-
tation in which streamwise vorticity was introduced was detrimental to shock noise reduction possibly
due to shock/vortex interaction (Figure 5.4.5), it is thought that the improvement by the combination
configuration results from a reduction in total induced vorticity through the use of lower penetration
chevrons.
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Figure 5.7.14: Peak BSAN frequency. Ψ = 90○.
Additionally, the peak frequency was determined when extracting the BSAN, the comparison of which
is shown in Figure 5.7.14. Similar to the BSAN amplitude results, the peak frequency was universally
reduced by the combination configuration when compared to the standard arrangement at identical
azimuthal orientations. This indicates the combination configuration has a lesser effect on the shock cell
spacing and consequently did not shorten the cells as drastically. This typically results in a reduction of
the high frequency penalty, which can be detrimental to overall noise reduction as discussed above. Due
to the presence of secondary spectral peaks with similar frequency ranges and/or significant modification
of the BSAN spectral signature, identification of the peak in the underexpanded conditions was somewhat
difficult as will be further discussed below in relation to the spectral plots.
Finally, the large scale turbulent mixing noise was extracted using the large scale similarity spectrum
as outlined previously. The resulting comparison indicates that the standard configuration slightly out
performs the combination configuration at the design condition and lower jet Mach numbers, while the
opposite is true in the underexpanded regime. That said, the difference between the configurations,
averaged across operating condition, is less than 0.4 dB at both azimuthal orientations. The switch in
effectiveness is thought to be a result of the effective penetration increase with operating condition which
allows the larger number, but lower penetration chevrons of the combination configuration to offset the
gains made by the lesser number, but higher penetration standard configuration.
Similar to the sections above, contours of the combination configuration relative to the standard
configuration were investigated to provide an overall look at the effect on the acoustic field (Figure
5.7.16). In the figure, rows correspond to jet Mach number increasing in the downward direction (Mj =
1.22, 1.50, & 1.56), and the columns correspond to the azimuthal orientation with the left corresponding
to Φ = 0○ and the right to Φ = 90○. As with the other figures above, negative values correspond to an
improvement and positive a degradation relative to the standard configuration. Additionally, the BSAN
spectral peak frequency of the standard configuration is illustrated by the dashed line for reference.
Starting with the overexpanded results, values generally fluctuate within ±1dB of zero indicating limited
difference between the configurations. An increase and decrease of the BSAN noise occurred to the left
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Figure 5.7.15: Peak large scale turbulent mixing noise amplitude. Ψ = 150○.
and right of the indicated spectral peak, respectively. This is a result of the non-constant BSAN spectral
peak frequency between the configurations, with the increase to the left of the indicated peak caused by
the combination configuration’s lower peak frequency. The relative amplitude of the changes is in favor of
standard configuration at the upstream angles and the combination configuration at the sideline, which
corroborates the OASPL results presented above. At the design condition, frequencies higher than the
BSAN spectral peak are generally reduced by the combination configuration, confirming the supposition
made above regarding high frequency penalty. Similar to the overexpanded results, trading in amplitude
at frequencies just higher and lower than the indicated peak BSAN again occur due to non-constant
BSAN spectral peak frequencies. The low frequency results are generally in the ±1dB range, but favor the
standard configuration, which indicates large scale turbulent structure inhibition is slightly suppressed by
the combination configuration. Finally, the underexpanded results indicate near universal improvement
by the combination configuration. The trade in BSAN to the left and right of the indicated peak is nearly
non-existant due to the combination configuration’s ability to improve peak amplitude reductions. A
significant secondary BSAN peak was observed for the combination configuration’s Φ = 0○ orientation,
possibly due to the shock/vortex interaction as described above. In general, the improvement by the
combination configuration at the underexpanded condition is thought to result from the configuration’s
reduced BSAN frequency shift which limited the high frequency penalty discussed above.
In the effort of completeness, narrowband acoustic spectra were provided below to allow direct quan-
titative comparison of the investigated configurations at an over, ideally, and under expanded operating
condition. The figures are grouped by operating condition and display upstream, sideline, and aft spectra
to emphasize the propagation of screech, BSAN, and large scale mixing noise respectively.
The overexpanded results are displayed in Figure 5.7.17. As already discussed, the configurations
OASPL results were within half a decibel of each other. This result is confirmed as a majority of the
spectra fall on top of each other. Peak BSAN differences do exist, primarily at the Ψ = 90○ observation
angle, but increases at specific frequencies are offset by decreases at others.
The design conditions narrowband comparison is located in Figure 5.7.18. The primary changes
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Figure 5.7.16: Contours of noise reduction relative to the corresponding standard configuration. Rows
correspond to jet Mach number increasing downwards from 1.22, to 1.50, to 1.56. Columns correspond to
azimuthal observation angle, the left Φ = 0○ and the right Φ = 90○.
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Figure 5.7.17: Comparison of narrowband acoustic spectra. Mj = 1.22.
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wrought by the combination configuration are BSAN related, as seen by the Ψ = 90○ observation angle.
Additionally, small higher frequency reductions are apparent across all of the observation angles, which
result from the reduced BSAN frequency shift as discussed above. Finally, there is a spectral shape
change between the azimuthal orientations at the aft observation angle which is particularly visible in
the mid frequency range. This is possibly a result of BSAN noise differences due to the elliptic jet
cross-sectional shape.
Finally, the underexpanded results are presented in Figure 5.7.19. The primary feature worth noting
is the general lack of a coherent BSAN spectral peak, indicating the highly effective nature of clustered
configurations at reducing shock noise. High frequency improvements are visible at all observation angles
for the combination configuration, along with peak BSAN amplitude reductions. The secondary BSAN
spectral peak increase at the Φ = 0○ orientation by the standard configuration is easily identifiable at the
sideline angle. This possibly results from a change is shock cell structure.
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Figure 5.7.18: Comparison of narrowband acoustic spectra. Mj = 1.50.
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Figure 5.7.19: Comparison of narrowband acoustic spectra. Mj = 1.56.
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5.8 Overall Comparison
5.8.1 Introduction
To conclude the investigation of the effect of azimuthal variation of both chevron geometry and
distribution on supersonic jet noise reduction, an effort to collapse the achievements based on high level
metrics was made. Due to the somewhat atypical investigation performed, use of the parameters such
as chevron count or penetration typically used in the past124;130;131 would not encompass the entirety
of the investigated configurations. Consequently, the projected area of each individual configuration was
selected as the metric to determine noise reduction trends against. Not only is projected area directly
related to performance penalties87, it allows the configurations with non-constant chevron geometry to be
easily differentiated. The primary issue with using projected area is that no input regarding azimuthal
arrangement is included. For example, the three non-standard configurations under investigation in
Section 5.4 all have the same projected area, though the configurations are significantly different in
terms of arrangement. In an effort to rectify this situation examination of the first and second moments
of area and the centroid of the projected chevron shapes was performed. Trends were not established
primarily due to the periodic symmetry of a majority of the configurations and consequently the study
was excluded for brevity.
In addition to simply trending the noise reduction against projected area, a computational study
was undertaken to judge the performance penalties incurred through use of the different chevron config-
urations. This study was limited to the configurations investigated in the Effect of Arrangement (5.4)
and Effect of Number (5.5) sections above, to simplify the number of computational domains required.
The grids used in the study were limited to below one million cells to allow computations to be quickly
performed on a personal computer. ANSYS’s Fluent R14.5 solver was used for the steady state second
order accurate RANS simulations with the k −  turbulence model employed. The resulting thrust was
calculated through integration of the momentum and pressure terms on a plane perpendicular to the
nozzle exit just aft of the chevron tips. The resulting values are only presented herein on a delta basis
in an effort to eliminate any inadequacies of the RANS simulation173;174.
5.8.2 Results
The first quantity which was trended with projected area was the reduction in screech amplitude
relative to the baseline configuration, as shown in Figure 5.8.1. The primary, over, under, and ideally
expanded conditions are presented for results compiled at an observation angle of Ψ = 35○. To help
differentiate between the investigated archetypes the configurations were broken down into four groups
based on the respective high level geometry. These groups consist of: “Number Study” the configura-
tions presented in Section 5.5, “Alternating Penetration” encompasses the configurations investigated in
Section 5.6 along with similarly designed configurations, “Clustered” includes the configurations with
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two groups of chevrons diametrically opposed, and finally “Beveled” comprised of configurations with a
single group of chevrons amassed together on a single portion of the nozzle. Additionally, the clustered
and beveled groups are subdivided based on the azimuthal orientations that were investigated. A second
order polynomial was also least squares fit to the data in an effort to illustrate the data’s trend. In all
cases reduction improves with projected area up to the point where saturation occurs, after which further
increases in penetration enact no improvement or impose slight penalties. The maximum magnitude of
reduction is primarily a function of the baseline’s screech amplitude, which indicates once the projected
area is increased to a substantial enough level to effectively eliminate screech further improvements can-
not be achieved. For both the ideally and underexpanded conditions the optimal projected area is in
the 0.4 − 0.5in2 range, while the overexpanded jet requires slightly higher projected area to achieve the
optimal reductions. Similar to the discussions above, this is thought to be a result of the effective pene-
tration, and consequently the effective projected area, being reduced by the contraction of the jet. This
in turn leads to a reduced ability to modify the flow and acoustic fields. Significant trends regarding
the chevron configuration are not easily discernible, though the beveled configurations appear to cluster
towards the upper portion of the distribution. This is thought to result from a larger uninterrupted
portion of unmodified nozzle lip for the aeroacoustic feedback loop to interact with.
The broadband shock associated noise peak amplitude modification was quantified next, following
the gamma fit method described in the sections above, as displayed in Figure 5.8.2. Similar to the screech
results, the BSAN amplitude reduction initially improves with increases in projected area up until a point
where reduction saturates, after which further increases in projected area lead to degraded performance.
The degradation effect at higher projected areas increases with operating condition, most likely due to
the introduction of significant secondary shock structures as shown for a few of the configurations in
Sections 5.3 & 5.4. Optimal reductions are in the 6-8dB range and do not appear to be configuration
dependent. Generally, the optimum occurs around 0.5in2, which is similar to the screech results above,
most likely due to both noise components being shock related.
In addition to the BSAN peak amplitude results, the change in frequency was also captured using
the formerly introduced gamma fit method (Figure 5.8.3). As somewhat expected from the discussion
in the previous sections, the shift in peak BSAN frequency increases with projected area, though some
roll over in the profile is indicated at the higher projected areas. Similar to the amplitude discussion,
this is thought to result from the introduction of significant secondary shock structures broadening the
spectral peak and consequently reducing the overall shift. The high frequency amplitude increase which
results from this frequency shift is expected to follow the same shape as the presented distributions.
Consequently, the gains achieved in BSAN amplitude reduction are directly offset by the high frequency
amplitude increase as the shapes of the profiles are roughly opposite. Limited trends regarding the overall
geometric distribution are observed within the data set, though the beveled configurations tend to induce
a lower shift in frequency than the other configurations at the ideally and overexpanded conditions.
Finally, the large scale turbulent mixing noise modification was determined by fitting the large scale
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Figure 5.8.1: Screech amplitude reduction relative to the baseline jet at Ψ = 35○. ◯: Number Study,☆: Alternating Penetration, ◇: Clustered Φ = 0○, ◻: ClusteredΦ = 90○, ▷: Beveled Φ = 0○, △: Beveled
Φ = 90○, ◁: Beveled Φ = 180○.
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Figure 5.8.2: BSAN peak amplitude reduction relative to the baseline jet. ◯: Number Study, ☆:
Alternating Penetration, ◇: Clustered Φ = 0○, ◻: ClusteredΦ = 90○, ▷: Beveled Φ = 0○, △: Beveled
Φ = 90○, ◁: Beveled Φ = 180○.
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(a) Mj = 1.22.
0 0.2 0.4 0.6 0.8 1
0
1
2
3
4
Projected Area [in2]
∆ 
B
SA
N
 F
re
qu
en
cy
 [k
Hz
]
(b) Mj = 1.50.
0 0.2 0.4 0.6 0.8 1
−2
0
2
4
6
Projected Area [in2]
∆ 
B
SA
N
 F
re
qu
en
cy
 [k
Hz
]
(c) Mj = 1.56.
Figure 5.8.3: BSAN frequency change relative to the baseline jet. ◯: Number Study, ☆: Alternating
Penetration, ◇: Clustered Φ = 0○, ◻: ClusteredΦ = 90○, ▷: Beveled Φ = 0○, △: Beveled Φ = 90○, ◁:
Beveled Φ = 180○.
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Figure 5.8.4: Large scale mixing noise amplitude reduction relative to the baseline jet. ◯: Number
Study, ☆: Alternating Penetration, ◇: Clustered Φ = 0○, ◻: ClusteredΦ = 90○, ▷: Beveled Φ = 0○, △:
Beveled Φ = 90○, ◁: Beveled Φ = 180○.
similarity spectrum of Tam et al.40 to the aft angle acoustic spectra, the results of which are shown in Fig-
ure 5.8.4. At all operating conditions, the large scale turbulent mixing noise reduction trend follows that
of the screech and BSAN amplitude: initial increases improve reductions, up to a point where saturation
occurs and additional gains are not achieved and potential degradation occurs. Optimal reductions were
in the 3-7dB range and generally were achieved by the periodically symmetric configurations investigated
in the number study. Interestingly unlike the shock associated noise components, a trend regarding the
geometric distribution was observed, primarily for the beveled configuration. That is, the Φ = 90○ & 180○
orientations are significantly elevated compared to the remainder of the data distribution. A similar
trend, though of much less magnitude, is also displayed by the clustered configuration. As was discussed
previously, this is thought to be a result of the locally induced streamwise vortices inhibiting large scale
turbulent structure growth and production leading to lower mixing noise. To state this another way, the
planes where streamwise vortices are not introduced do not experience as great of a large scale structure
suppression and consequently exhibit higher noise levels.
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With the main noise components investigated, the influence on the overall noise was then quantified
using the OASPL change relative to the baseline configuration, as shown in Figure 5.8.5. An upstream,
sideline, and aft observation angle (columns) are presented at an overexpanded, the design, and an under-
expanded condition (rows). Starting with the overexpanded results, the general trend at all observation
angles is improved noise reduction with additional projected area. The upstream results indicate the
beveled configurations somewhat underperformed relative to the others, which is though to result from a
somewhat decreased ability to reduce screech. Additionally, saturation of reduction occurs around 0.6in2
independent of configuration, which reasonably follows the saturation of BSAN reduction. The sideline
observation angle possess a much tighter grouping of reduction, most likely due to limited observed
screech at this observation angle, with optimal values in the 3.5dB range. In general the OASPL results
follow the BSAN peak amplitude reductions at this condition. The aft angle results show a similar trend,
though maximum reductions are slightly lower than at Ψ = 90○. At the design condition the relatively
distinct trends observed above are not present, particularly at the upstream and sideline directions. This
is a result of the frequency shifting of the BSAN component offsetting noise reduction gains, and conse-
quently resulting in the relatively constant OASPL reduction with projected area. The aft angle results
at the design condition follow the beveled configurations’ trend, identified above, regarding the large scale
mixing noise reduction. The underexpanded results at the forward angle indicate initial improvements in
OASPL reduction with projected area for values below 0.4in2. Above that, value increases in projected
area are detrimental to performance. This is a result of the screech and BSAN amplitude gains being
overcome by the increases in high frequency content due to the frequency shift of the BSAN component
and the possible introduction of secondary shock structures by the larger projected area configurations.
The sideline angle shows a roughly constant distribution versus projected area, which results from a
balance of the high frequency penalty and the peak amplitude reductions. Finally, the aft angle results
show the same trend regarding the beveled and to a lesser extent the clustered configurations azimuthal
orientations.
Further investigation of the aft angle reductions was performed due to the identified trend regard-
ing the azimuthal orientation of the beveled and clustered configurations. Put simply, the azimuthal
orientations which did not include significant vorticity introduction were excluded, such that a trend
relating aft angle reductions to projected area could be established, as shown in Figure 5.8.6. Second
order polynomials were included along with 95% confidence intervals to illustrate the trend of the data.
As seen, aft angle reductions improve with increases in projected area up until a point where a minimum
occurs, after which further increases degrade performance, similar to the noise component discussions
above. This is an important result as it indicates an optimum was encapsulated by the investigated
configurations. Furthermore, this illustrates the potential for performance penalty mitigation relative to
the high penetration standard chevron configuration.
Finally, a RANS simulation was performed to determine the imposed thrust penalty imposed by the
differing chevron configurations as outlined above. In an effort to judge the quality of the simulation,
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Figure 5.8.5: Reduction in OASPL relative to the baseline configuration as a function of projected area.◯: Number Study, ☆: Alternating Penetration, ◇: Clustered Φ = 0○, ◻: ClusteredΦ = 90○, ▷: Beveled
Φ = 0○, △: Beveled Φ = 90○, ◁: Beveled Φ = 180○.
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Figure 5.8.6: Reduction in OASPL relative to the baseline configuration as a function of projected
area. Only configurations with chevrons in-plane with measurement. ◯: Number Study, ☆: Alternating
Penetration, ◇: Clustered Φ = 0○, ▷: Beveled Φ = 0○.
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Table 5.8.1: Thrust Coefficient Comparison for Nozzles with Conical Diverging Sections at Design Op-
eration
Current Work 0.962
Steffen et al.175 0.976
Capone et al.176 0.992
Zaman177 0.977
Cuppoletti et al.178 0.957
the thrust coefficient was computed for the baseline nozzle and then compared to similar biconic nozzle
results within the literature, as shown in Table 5.8.1. The results from the current investigation fall
within the experimentally and computationally determined thrust coefficient range for similarly styled
nozzles, indicating the limitations of the RANS simulation173;174 were not extraneous. A comparison
of noise reduction as a function of thrust coefficient penalty determined through RANS simulation for
the configurations outlined above was compiled, as shown in Figure 5.8.7. It should be noted that
similar to previous results87;177;179, thrust loss was found to be a function of the total chevron projected
area when periodically symmetric configurations were investigated. In fact the dependence was roughly
linear for the configurations investigated. Interestingly, comparison of the three configurations with six
chevrons (symmetric, beveled, and clustered) indicated a non-constant thrust loss irrespective of the
constant projected area between the configurations. Furthermore, thrust coefficient loss was observed to
increase from the symmetric, clustered, and beveled configurations, in that order, independent of chevron
penetration, possibly indicating asymmetry is detrimental to performance. Returning to the resulting
function of OASPL reduction versus thrust loss, generally it follows the previously presented results of
OASPL reductions versus projected area. That is, the upstream and sideline results show an initial
saturation of noise reduction followed by similar or degraded performance with increases in thrust loss,
while the aft angle reductions generally improve with increases in thrust loss. Though, possible reduction
saturation may be present within the ideally expanded aft angle results.
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Figure 5.8.7: Reduction in OASPL relative to the baseline configuration as a function of thrust coefficient
loss determined by RANS simulation. ◻: Low Penetration Chevrons, ▷: Medium Penetration Chevrons,◇: High Penetration Chevrons .
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Chapter 6
Fluidically Enhanced Chevrons
6.1 Introduction
In the previous chapter an investigation of chevron performance was undertaken, and it was shown
that appreciable noise reduction was achievable. One of the primary findings of that work was low
penetration chevrons perform well at high operating conditions, in particular when applied to underex-
panded jets. On the other hand, performance in the overexpanded regime was found to be significantly
reduced compared to higher penetration chevrons. This was attributed to a reduction in the chevron’s
effective penetration due to the contraction of the jet at the exit plane, a finding shared with others
in the past123;124;128;180. Consequently, low penetration chevrons were identified as a candidate for po-
tential improvement in the overexpanded regime. This chapter details a method of improving the low
penetration chevron’s performance, which involves the addition of fluidic injection resulting in a hybrid
noise reduction technology.
The application of fluidic injection to unmodified nozzles in supersonic jets has been investigated in
the past. A parametric study was performed by Greska181, wherein the optimum configuration achieved
peak jet noise OASPL reductions in excess of 1 dB, though the sideline and forward quadrant were
minimally impacted. The optimal injector’s metrics were comprised of an injection pressure of 400 psig,
an injection angle of 60○, and a mass flux ratio of 4.6%. Noise reduction was achieved through induced
counter rotating vortices182 which increase near nozzle and decreased down stream turbulence levels,
similar to chevrons. Shock cell spacing has also been shown to be shortened by the application of fluidic
injection181. Henderson183 recently emphasized fluidic injections adoption into a viable noise suppression
technology requires the injectant quantities to be limited to available in flight quantities, in a review of
the past 50 years of the subject. Martens & Haber103 performed experiments limiting injection pressures
to available engine levels and a mass flow ratio less than 2%, and were able to reduce perceived noise
levels by up to 1.5dB at the aft angles. Perrino et al.184 integrated injection slots into the nozzles trailing
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edge and were able to achieve roughly omnidirectional OASPL reductions of 1dB. In each of these works,
noise reduction was directly related to injection pressure, independent of the vastly different injector
design. Furthermore, momentum flux ratio, a quantity known to be correlated with penetration distance
from jet in cross flow experiments185, was directly related to noise reduction by Greska181. Consequently,
at a fixed injection momentum, the penetration of the injectant fluid will be negatively correlated with
jet operating condition, most likely indicating a negative correlation of noise reduction as well. Hence,
the combination of fluidic injection and low penetration chevrons will theoretically be advantageous as
the two individual technologies perform optimally at opposite ends to the operating range.
Limited research involving the combination of chevrons and fluidic injection, termed Fluidically
Enhanced Chevrons (FEC), has been performed, especially in context of military style exhausts. Seiner
et al.87 combined chevrons and fluidic injection by including six injection ports along the trailing edge
of each chevron. No improvements were shown and the use of injection actually degraded the chevron
noise reduction. Heeb et al.143 studied a similar configuration except a single larger injector was placed
at the chevron tips. In the overexpanded regime reductions of nearly 2dB were found. Munday et al.25
investigated the same geometric configuration and found additional noise was produced as compared to
un-enhanced chevrons at higher operating conditions. Alkislar186 demonstrated fluidic enhancement of
chevrons in a Mach 0.9 jet and found the combination improved the performance by 1dB. The improved
noise reduction was attributed to an additional counter rotating vortex pair caused by the fluidic injection
that, when combined with the vortex pair from the chevrons, persists further downstream than either
pair alone.
In addition to possibly improving the low penetration chevron’s performance, advanced fighter nozzle
geometry designs have adopted serrated exits to reduce the RF observability of the aircraft187;188. There-
fore, the currently investigated FEC configuration is representative of deployment of fluidic injection on
a state of the art fighter aircraft. Furthermore, the current study provides a baseline for the possibility
of an active noise reduction technology on such aircraft, which would limit the performance penalties of
the technology in unnecessary portions of the flight envelope.
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6.2 Hardware
The design space for a hybrid technology such as fluidically enhanced chevrons (FEC) is nearly
unlimited as it combines two technologies that both have independent designs. Several design iterations
were performed involving injector size, injection angle, and injection location in reference to the chevrons
before settling on the current design, for example see Heeb et al.189. In the current investigation, only
the low penetration chevrons were fluidically enhanced, as they were shown to perform sub-optimally
in the overexpanded regime. The selected fluidic injection configuration consists of injectors located at
the apex of each chevron which are constructed from 0.12in inner diameter tubing which was bent to
have an injection angle of 60○. This injection angle was chosen as it had been shown to be optimal by
several studies in the past102;190. It should be noted that, due to the wall thickness of the injectors, the
injection location was 0.01 Dd downstream of the chevron tip. When considering all 12 injectors, the
total injection area is just over 2% of the nozzle exit area. The schematic in Figure 6.2.1 highlights the
selected configuration and illustrates the injection location.
Air is supplied to the injectors from a toroidal plenum that can be attached to the experimental rig
upstream of the secondary flow nozzle. The main body of the plenum is a weldment of 2in diameter
tubing sections that are approximately 2.5in long. Air is supplied to the plenum main body by 4 equally
spaced 3/4in NPT threaded pipe sections, that are equipped with quick disconnect couplings for ease of
installation. The injectors are provided with air from individual 1/8in schedule 40 threaded pipe sections
on to which are attached stainless steel Swagelok 1/8in pipe to 1/4in tube adapters (SS-400-7-2). The
plenum has a total capacity of 24 individual injectors. When injection ports are not in use, they can
be closed by using a Swagelok plug (SS-400-P). Additionally, there are 4 pressure measurement ports
located around the perimeter of the plenum to allow the injection total pressure to be measured during an
experiment. These features are labeled in Figure 6.2.2 which shows a picture of the fluidically enhanced
chevron hardware including the the plenum.
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Figure 6.2.1: Schematic detailing the fluidically enhanced chevron setup.
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Figure 6.2.2: Fluidically enhanced chevron injector and supply hardware.
Due to the use of a plenum, injection pressure could not be individually controlled and therefore
azimuthal variation was not possible. Reduced number, beveled, and clustered configurations were inves-
tigated by simply removing individual injectors. Due to the fragility of the rapid prototyped chevrons,
they were not used in the FEC study. Instead the chevrons described in Munday et al128 were used as
they are metal. This limited the ability to remove individual chevrons for the azimuthal studies as the
chevrons were built into an annular cap. Therefore, the symmetric 12 chevron configuration was present
for all FEC azimuthal studies and only the injectors were azimuthally spaced. To clarify this limitation,
an example of a clustered FEC configuration is located in Figure 6.2.3.
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Figure 6.2.3: Photograph of clustered fluidically enhanced chevrons.
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6.3 Standard Configuration
6.3.1 Introduction
Before an investigation into the azimuthal variation of fluidically enhanced chevrons can be per-
formed, a baseline investigation of the standard layout must be accomplished. This consists of the low
penetration chevrons totaling twelve in number, each with a fluidic injector located at the chevron tip.
Past investigations into this configuration were primarily presented in two papers by Heeb et al.143;191.
These works primarily consist of an investigation into the acoustic field at multiple jet operating con-
ditions, and a detailed flow and acoustic study in the highly overexpanded jet conditions. This section
unites those two previous works, first presenting the acoustic results and then down selecting the overex-
panded operating condition for a detailed flow investigation due to the performance of the FEC. It should
be noted that the LES content originally presented by Heeb et al.143 has been subsequently replaced
with experimental results obtained for the current work.
6.3.2 Results
In an effort to bound the operating space of the FEC configuration’s injection parameters, an acous-
tic study was performed employing the maximum possible injection pressure the AFT was capable of
providing. This was undertaken based on the previous research103;181;184 which indicated noise reduction
was positively correlated with injection pressure. Due to the design of the injection system, the resulting
fluidic mass flow rate was constant throughout the operating condition sweep. Consequently, the ratio
of fluidic to jet mass flow rate decreases with increases in jet Mach number due to changes in the jet
quantities. The achieved injection quantities are denoted below in Table 6.3.1. The achieved injection
ratios are relatively low (1% to 2%) compared to previous experimental studies which typically employ
ratios in the 4-10% range102;192–194. Similar to the sections above, acoustic spectra measured at an up-
stream, sideline, and aft observation angle are presented below for over, ideally, and under expanded jets
to provide comparison of the primary noise component modifications achieved by the low penetration
chevrons and the FEC configurations as a function of operating condition.
Starting with the overexpanded operating condition of Mj = 1.22, the comparison of the baseline,
low penetration chevrons, and FEC configurations are shown in Figure 6.3.1. As was expected from
the results presented in Chapter 5, the low penetration chevrons achieve little to no modification to the
Mj m˙f /m˙j [%] Pf /Pj
1.22 2.5 2.02
1.36 1.8 1.62
1.50 1.5 1.34
1.56 1.4 1.25
1.64 1.2 1.15
Table 6.3.1: Injection parameters as a function of operating condition.
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Figure 6.3.1: Far field narrow band acoustic spectra. Mj = 1.22.
baseline acoustic spectra, independent of operating condition. This was attributed to the contraction
of the jet at the exit plane effectively eliminating the protrusion of the chevrons into the jet due to
the low geometric penetration levels. The FEC configuration, on the other hand, was able to achieve
considerable screech, BSAN, and peak large scale turbulent mixing noise reductions. Significant shift of
the BSAN spectral peak was also achieved, indicating a substantial reduction in the shock cell spacing.
These results indicate fluidic enhancement of chevrons is a viable method to improve upon the noise
reduction of lower penetration chevrons.
Moving on to the ideally expanded operating condition, the low penetration chevron’s performance
is significantly improved, particularly in regards to lower frequency turbulence and shock associated
noise components, as was discussed above. Conversely, the FEC configuration significantly degrades
the performance of the low penetration chevrons, particularly at the BSAN spectral peak and higher
frequencies. As the peak shock noise frequency is roughly unchanged by the application of fluidic injection,
this is most likely due to an increase in shock strength resulting from the generation of additional shock
structures, similar to the higher penetration chevron results presented above.
192
104 105
50
60
70
80
90
100
110
120
St [fDjUj
−1 ]
S
P
L
[d
B
]
(a) Ψ = 35○.
104 105
50
60
70
80
90
100
110
120
St [fDjUj
−1 ]
S
P
L
[d
B
]
(b) Ψ = 90○.
104 105
50
60
70
80
90
100
110
120
St [fDjUj
−1 ]
S
P
L
[d
B
]
 
 
Baseline
Chevrons
FEC
(c) Ψ = 150○.
Figure 6.3.2: Far field narrow band acoustic spectra. Mj = 1.50.
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Figure 6.3.3: Far field narrow band acoustic spectra. Mj = 1.56.
Finally, the investigation of the underexpanded performance of the chevrons and FEC in relation to
the baseline jet is presented in Figure 6.3.3. Similar to the ideally expanded condition, the unmodified
chevrons are able to achieve significant reductions, particularly in the shock related components. The
application of fluidic injection again degrades the performance of the low penetration chevrons at nearly
every frequency, but particularly the BSAN/high frequency components. Similar to the discussion above,
this is thought to result from an increase in shock strength as the BSAN spectral peak frequency is roughly
unchanged by the addition of fluidic injection.
The result of FEC performance decreasing with increases in operating condition was not unexpected,
primarily due to the chevron penetration findings above, which indicated at the ideally and under ex-
panded conditions increases in penetration were detrimental to noise reduction. Consequently, investi-
gation of the higher operating conditions was abandoned, allowing an in depth flow and acoustic field
investigation of the improvements in the overexpanded regime.
The first undertaking was to ensure that the greatest noise reduction was achieved through an opti-
mization of the injection mass flow rate. This was done in increasing increments of half a percent of the
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Figure 6.3.4: OASPL change as a function of injection mass flow rate ratio.
main jet’s flow rate up to the maximum achievable amount as shown in Figure 6.3.4. The optimum was
expected to occur at the top end of the range due to the correlation between penetration and injection
pressure103;181;184. The results indicate initial increases in injection mass flow rate ratio roughly improve
reductions linearly, up to a value of approximately 1.0%. Above this value, large additional forward
and extreme aft angle noise reduction is achieved, while improvements around the Ψ = 120○ observation
angle were of significantly lower magnitude. As expected, the highest two injection mass flow rate ratios
achieved similar noise reductions; as the 2.0% condition required less flow and achieved better reductions
at all observation angles, it was selected for further investigation. The spectral results (not shown) in-
dicate the decrease in effectiveness of the 2.5% injection condition results from a relative increase in the
shock associated noise compared to the 2.0% condition, which in-turn increased the frequencies higher
than the BSAN spectral peak and consequently the OASPL. For reference the 2.0% injection condition
achieved upstream direction reductions on the order of 2.5dB while the minimum reduction still exceeded
1.2dB (Ψ = 120○).
Similar to the spectral figures above, the comparison of the optimum FEC, baseline and low pene-
tration chevron configurations is shown in Figure 6.3.5. Screech, BSAN, and turbulent mixing noise are
highlighted by the presented observation angles of 35, 90, and 150 degrees. To ease comparison of the
data, particularly at high frequencies, localized smoothing was applied. Figure 6.3.5a contains both a
modified, and unmodified FEC spectra to illustrate the magnitude of smoothing that was undertaken.
Figure 6.3.5a highlights the propagation of the fundamental screech tone as the acoustic data was
acquired at an upstream observation angle16. The empirically determined screech frequency relation of
Massey & Ahuja76 predicts the measured value within 6.1%, which is shown to be unchanged by the
application of the low penetration chevrons or the FEC configurations. Though the screech Strouhal
number was unchanged, the amplitude was reduced by 7 dB by the FEC and less than 2 dB by the
chevrons. The chevron’s performance is similar throughout the remainder of the spectrum, with limited
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Figure 6.3.5: Far field narrow band spectrum.
196
to no effect on the baseline’s acoustic field. Conversely, the FEC configuration was able to achieve 3dBs
of peak BSAN reduction, which was also shifted to higher frequencies on top of the large amplitude
screech reductions. Similar to the discussions presented in the previous chapter, this indicates the FEC
configuration reduced the shock cell length compared to the baseline configuration as explained by the
relation of Tam et al.32. Higher frequencies were also reduced by approximately 1dB with none of the
frequencies showing a penalty at this observation angle.
Figure 6.3.5b illustrates the sideline angle, where the primary screech tone is no longer distinguishable
in the baseline jet. Similar to the upstream direction, the chevrons had limited to no effect on the
baseline’s spectrum, while the FEC configuration universally achieved noise reduction. Excluding shock
associated noise the average reduction was on the order of 1dB. Comparison of the BSAN spectral
noise after normalization by the Helmholtz number (not shown) indicates a near constant reduction of
approximately 3dB. The un-shifted spectrum indicates broadband shock noise reductions of up to 6 dB
near St = 1.0, but very limited reductions (0.1 dB) near St = 1.6. As noted above, this mechanism is
directly related to the shortening of the shock cell structure by the FEC configuration, a feature which
will be investigated below in the flow field investigation.
Finally, the effect of the noise reduction technologies on turbulent mixing noise is shown in Figure
6.3.5c. Again, the low penetration chevrons are shown to have limited impact on the baseline jet, in
fact the only noticeable change is the introduction of a slight high frequency penalty. The FEC do
show an improvement of the low frequency content indicating a reduction in the growth of large scale
turbulence structures, the peak of which occurs at St = 0.156, which relates well to previous compressible
jet results150. The reductions were on the order of 2-3 dB, while the high frequency penalty peaks at 1
dB near St=2.
Streamwise and cross stream PIV measurements were performed in an effort to relate acoustic changes
to modifications of the flow field. Comparison of radial velocity profiles was possible at axial locations
of z/Dj = 0.5, 1.0, 2.0, 4.0, and 8.0, which correspond to the areas of overlap between the streamwise
and cross stream measurement planes. Additionally, near nozzle shadowgraph was acquired to provide a
second witness to the shock cell spacing determined from the streamwise PIV measurements.
The downstream evolution of average velocity magnitude for the baseline, low penetration chevron,
and FEC configurations are presented first in Figure 6.3.6. As expected the baseline jet’s cross section
is axisymmetric independent of axial location. Additionally, a drop of velocity magnitude in the near
centerline region was measured due to the presence of a Mach disk. As expected from the results
presented in Chapter 5, the low penetration chevrons have limited effect on the baseline jet with only
slight crenelation of the shear layer in the near nozzle region. The FEC configuration, on the other
hand, significantly modifies the jet cross section with crenelations existing at least as far downstream as
z/Dj = 2. This indicates an induction of counter rotating vortex pairs which are associated with enhanced
mixing and a consequent increase in local turbulence. Modulations of the velocity field are shown to be
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Figure 6.3.6: Jet velocity development measured by SPIV.
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Figure 6.3.7: Radial velocity profiles at several downstream locations. Symbols: Cross-Stream SPIV,
Lines: Streamwise PIV.
eliminated by z/Dj = 4, with the jet cross sections returning to axisymmetric. Further downstream, the
velocity fields become nearly indistinguishable.
Radial profiles were extracted from the cross stream planes just presented, along with streamwise
measurements at locations of overlap for the baseline and FEC configurations, as shown in Figure 6.3.7.
For the FEC configuration, the crenelation of the jet shear layer was captured by extracting profiles at
both the chevron tip/injection location and in between each chevron. These locations are labeled δmin and
δmax respectively, on account of the corresponding shear layer thicknesses. To ease comparison, the cross-
stream measurements are presented in Figure 6.3.7 as symbols and the lines represent the streamwise
measurements. Furthermore, the data was down sampled by a factor of four to allow the lines and
symbols to be easily seen. To emphasize modifications to the jet development, velocity was placed on
the horizontal axis while the radial position was located on the vertical axis. The presented comparison
between the two independently obtained measurements is excellent, with only slight deviations in the
shear layer. The FEC’s significant modification of the baseline flow field is easily seen in the z/Dj < 4
region, as noted above. Measurement of the injectant’s effect is present at the most upstream position in
the (δmin) profile, which upon investigation was primarily due to induced radial velocity. Additionally,
a reduction of the jet’s width relative to the baseline was measured for the δmin location upstream of
z/Dj = 2. At the same axial locations, an increase in the jet spread occurs in the δmax plane. By z/Dj = 2,
both FEC profiles begin to collapse towards the baseline’s profile, and further downstream the individual
profiles are roughly indistinguishable. At z/Dj = 8 a Gaussian profile195 was compared to the data and
it was found that deviations were less than 17 m/s, indicating a self-similar state was reached somewhere
axially between 4 and 8 diameters downstream. This is an indicator of the termination of the potential
core somewhere in the same region.
In a similar manner to the radial velocity profiles, radial profile of turbulent kinetic energy (TKE)
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Figure 6.3.8: Radial TKE profiles at several downstream locations. Symbols: Cross-Stream SPIV, Lines:
Streamwise PIV.
are plotted in Figure 6.3.8. Equation 6.3.1 defines the TKE quantity, which for plotting was normalized
by taking its square root and dividing by the fully expanded jet velocity.
TKE = 1
2
[⟨u′2⟩ + ⟨v′2⟩ + ⟨w′2⟩] (6.3.1)
As the streamwise PIV only captured two components of velocity an estimate of the TKE was computed
by doubling the radial component of velocity to account for the missing out of plane component178. The
comparison between the independently acquired measurements again shows good agreement, particularly
within the shear layer. The main difference is in the near centerline region of the upstream profiles, the
cause of which is thought to be unsteadiness in the air supply system, non-uniformity of seeding at high
gradient locations196, and a reduced residence time within the laser sheet in the cross-stream case. Wilson
& Smith197 indicate the TKE could be overestimated by up to 3% in this region for the cross-stream
results, which roughly aligns with the presented data. The TKE field is shown to be modified by the
application of FEC at the three cross-stream locations. At z/Dj = 2.0, both FEC profiles indicate an
increase in the radial extent of the high TKE region, though the maximum amplitude is only slightly
increased. The FEC’s peak amplitude is radially further outward, and larger values occur both inward and
outward of the baseline’s peak amplitude. An increase of roughly 40% was calculated through integration
of the jet cross-sections when comparing the FEC to baseline TKE fields. Downstream at z/Dj = 4.0, the
FEC configurations both posses a larger radial extent of high TKE, though the maximum amplitude is
reduced compared to the baseline jet. Integration again indicates an overall increase in levels, this time
by approximately 20%, primarily due to the increases at large radial positions. Finally, at the most aft
position, the FEC configuration shows nearly universally lower TKE values than the baseline jet. The
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Figure 6.3.9: Jet half-width development. Symbols: Cross-Stream SPIV, Lines: Streamwise PIV.
peak amplitude was reduced by approximately 8% and the integrated value by 4%. This finding indicates
the FEC configuration induces near nozzle turbulence which in-turn reduces downstream amplitudes.
Considering the acoustics results presented above, this is most likely an inhibition of large scale structure
growth by the induced finer scale near nozzle turbulence.
Figure 6.3.9 presents the effect of the FEC configuration on the jet half width, which is defined as
the radial location where the velocity is equal to half of the fully expanded value. As the cross stream
measurements only afford the jet half width at a single location, they are displayed as symbols. The
comparison between the measurements is excellent, especially in the near nozzle region where the flow
field is highly modified. The penetration phase of the injection is shown to persist up to approximately
z/Dj = 0.65 by the δmin profile, which then returns to the baseline values by around z/Dj = 2. Values
exceeding 115% of the baseline are induced by the outward expanding jetlet as seen in the δmax profile.
This jetlet is shown to persist further downstream (z/Dj ≈ 2.75) than the penetration phase of the
injection. Each of the profiles shows similar magnitudes to the baseline, until downstream locations past
z/Dj ≈ 6. Additionally, the half width profiles are roughly constant in the outside of the injection range
(3 < z/Dj < 6). The works of Zaman148 and Schadow et al.147 corroborate this finding with roughly
constant half widths prior to potential core termination.
Extraction of the centerline velocity profiles for both configurations (Figure 6.3.10) was performed to
allow comparison of the potential core length and the effect on the shock cell structure to be determined.
As seen, the application of FEC has limited effect on the potential core length of the baseline jet which is
roughly equal to 5.75 Dj as determined above. This confirms the earlier comment regarding the potential
core ending between 4 < z/Dj < 8 and that a self similar state was reached by z/Dj = 8 (Figure 6.3.7e).
The unchanged potential core length is attributed to a balance between increased mixing and reduced
screech amplitude as discussed in the previous chapter.
As noted above, Figure 6.3.10 indicates the modifications to the shock structure in addition to
the potential core length. Following the methodology previously described, the shock cell strength
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Figure 6.3.10: Comparison of centerline velocity profiles.
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Figure 6.3.11: Shock strength computed from the mean centerline velocity profiles.
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Figure 6.3.12: Centerline FEC profiles used to determine shock cell spacing and shock strength.
was quantified from these velocity profiles. This involves extraction of the upstream maximum and
downstream minimum velocities and computing their difference normalized by the fully expanded jet
velocity. In the current investigation, each individual shock was delineated, excluding the first as it
corresponds to a large amplitude Mach disk which would render the downstream results difficult to
investigate. As expected from the velocity profiles, the FEC configuration reduces the strength of every
measured shock cell as shown by Figure 6.3.11. The upstream values are nearly halved, while the
downstream values tend towards each other due to the effect of turbulence on the shock train. The large
amplitude BSAN reductions dicussed above are attributed to this large reduction in shock strength.
As noted above, near nozzle shadowgraph experiments were performed to provide a witness to the
shock cell spacing determined from the streamwise PIV, a comparison of which is shown in Figure 6.3.12.
The local maximum of each of the profiles were identified and then subsequently subtracted, resulting in
the shock spacing. The average was then calculated, resulting in Ls. This method is outlined in Equation
6.3.2 for each of the investigated profiles, I(z). This operation was limited to the first five shock cells
due to the limited field of view of the shadowgraph measurements.
Lk = {zk ∶ I(zk) =maxk[I(z)]} (6.3.2)
This process was based on the work of Harper-Bourne & Fisher30, who pioneered the study of broadband
shock associated noise. Table 6.3.2 summarizes the resulting spacing, which as expected from the profiles
differ less than 5%.
The Prandtl-Pack28 vortex-sheet model, shown below in Equation 6.3.3, was also provided for com-
parison purposes.
Ls = piDj/µ √M2j − 1 (µ = 2.405) (6.3.3)
The experimental results were over predicted by the Prandtl-Pack model by roughly 20%, which was
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Table 6.3.2: Average shock cell spacing.
Ls/Dj % Diff % Diff % Diff
Base
Shadowgraph 0.702 %18.8 P.P. %2.3 Tam 3.0% N.&S.
PIV 0.670 %22.5 P.P. %2.3 Tam 7.3% N.&S.
Prandtl-Pack28 0.864 — — —
Tam et al.32 0.686 — — —
Norum & Seiner10 0.723 — — —
FEC
Shadowgraph 0.601 %10.9 Base.
PIV 0.599 %10.6 Base.
expected as the model is valid for only the first 2 shock cells and would consequently over estimate an
average which takes into account the first 5. It was found by Tam et al.32 that 80% of the Prandtl-Pack
value more accurately predicted their experimentally determined shock cell spacing. Using the formula
contained therein, Equation 6.3.4, the screech frequency determined above can be used to back calculate
a shock cell spacing.
Ls = 0.8 uj
fScreech (1 + 0.8 uj/a∞) (6.3.4)
The resulting values are listed in Table 6.3.2, and as shown are more representative of the baseline values
as compared to the Prandtl-Pack model. Finally, the relation developed by Norum & Seiner10 for CD
nozzles, which directly relates the average shock cell spacing to the fully expanded jet Mach number,
shown below in Equation 6.3.5, was computed for comparison purposes.
Ls
Dd
= a (Mj2 − 1)b/2 ; a = 1.1 & b = 1.17 (6.3.5)
The resulting value is a reasonable prediction of the experimentally obtained values, particularly of
the shadowgraph measurement, with only a 3% difference. Importantly, this is a predictive metric not
requiring experimental input like the formula of Tam et al.32 and the prediction is significantly better
than the Prandtl-Pack model.
Back to back comparison of the individual measurements indicates that the application of FEC
shortens the shock cell spacing approximately 11%. The shift in BSAN spectral frequency corroborates
this result as mentioned above. Calculation of the BSAN spectral peak frequency using Tam et al.’s32
relation predicts the peak at Ψ = 35○ (Figure 6.3.5a) within 10% and at Ψ = 90○ (6.3.5b) within 5%. The
results of Andre´ et al.151 could attribute some of the increase in BSAN frequency to screech amplitude
reduction, but as the relation of Tam et al.32 captures the change well it is thought this effect is limited.
Additionally, the BSAN peak amplitude is modified in the opposite direction than in Andre´ et al.151
due to the application of FEC, further indicating the change in frequency is due to shortened shock
cell spacing. Investigation of the upstream acoustic spectrum indicates an unchanged screech frequency,
though the shock cell spacing was clearly reduced, potentially violating Equation 6.3.4. As was discussed
in the previous chapter, others128;151 have observed similar phenomena, the cause of which is unclear,
though potentially related to an unchanged standing wave spacing.
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Figure 6.3.14: Variation of maximum vorticity with axial direction.
As was originally discussed, introduction of counter rotating vortex pairs is the driving force behind
the flow field modifications. The comparison of the streamwise vorticity introduced by the low penetration
chevrons and the FEC configurations at the near nozzle location of z/Dj = 0.5, shown in Figure 6.3.13,
illustrates the enhanced vorticity field achieved by the addition of fluidics. For clarity, the chevron tips
and/or the FEC injection location have been demarcated by points. In both cases counter rotating vortex
pairs are introduced at the apex of the chevrons, but as seen the magnitude is significantly higher for the
FEC configuration. Additionally, the azimuthal space between vortex pairs is significantly reduced in
the low penetration chevron configuration, limiting the production of the radially outward propagating
jetlets highlighted above in Figure 6.3.6. Consequently, the radial expulsion of fluid is three fold greater
for the FEC configuration than the unenhanced chevron configuration.
Finally, in an effort to quantitatively identify modifications to the vorticity field, the evolution of
maximum absolute vorticity was compared for the chevrons and FEC configurations in Figure 6.3.14. A
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logarithmic ordinate was used, following the reasoning of Alkislar et al.150, to illustrate the exponential
decay of the vorticity with axial distance. As expected from the previous figure, the FEC configuration
has a significantly higher near nozzle vorticity maximum. A roughly constant decay rate was identified
across the range where significant vorticity could be identified. This rate is considerably higher than
the low penetration chevron configuration, which consequently results in similar vorticity maximums by
the downstream location of z/Dj > 2. Interestingly, the trend of vorticity decay rate with regards to
configuration is opposite that of that shown by Alkislar et al.198 for subsonic jets. It is thought that this
is a result of the highly overexpanded main jet reducing the effective penetration and consequently the
maximum vorticity magnitude of the unenhanced chevrons. Interestingly, the vortex persistence of both
configurations was shown to be roughly similar, independent of initial magnitude, which is similar to the
results presented in the previous chapter.
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6.4 Azimuthally Varied Configurations
6.4.1 Introduction
The current section seeks to investigate possible improvement of the FEC noise reduction technology
through azimuthal variation of the injection location. To the author’s knowledge, the literature does not
contain any similar investigations. Consequently, design of the azimuthally varied FEC configurations
was influenced by the results obtained in the previously completed chevron investigation wherein, the
beveled and clustered configurations were emphasized. Figure 6.4.1 portrays the configurations (injector
location is illustrated by a filled in circle) that were investigated using far field acoustic measurements
to determine an optimal configuration before detailed flow field measurements were performed. Several
periodically symmetric configurations were investigated, but due to under performance the results have
been omitted for brevity. Additionally, due the results presented in Section 6.3, only the Mj = 1.22
operating condition was investigated for the azimuthally varied FEC configurations. In an effort to
ensure the comparison between the azimuthally varied configurations was not effected by the Mach
number of the injection jets, conditions in the plenum were modified such that the exhaust conditions of
the injectors was consistent for all configurations. As the injection quantities was previously optimized
for the standard configuration, this was used as the basis for all of the conjugations. Consequently, a
reduction in number of injectors results in a proportional reduction in total injection mass flow rate.
6.4.2 Results
In an effort to reduce the experimental load required for the current investigation, acoustic measure-
ments were obtained and analyzed prior to flow field measurements allowing only the optimal configu-
ration to be further investigated. Figure 6.4.2 depicts the comparison of the OASPL reductions relative
to the baseline configuration of the four investigated beveled configurations, the clustered configuration,
and the standard configuration presented in the previous section. Noise reduction of the beveled config-
urations is initially comprised of upstream and sideline shock noise reductions primarily. Increases in the
number of injectors improved these reductions and initiated aft angle large scale mixing noise reductions.
As somewhat expected, the eleven injector beveled configuration is extremely similar to the standard
configuration as they differ only by a single injector. On the other hand, the clustered configuration
significantly improved upstream and sideline reductions as compared to the standard configuration, with
improvements at all but the aft two measurement locations. Reductions are primarily shock noise re-
lated, and the degraded aft angle reductions are primarily a function of reduced large scale mixing noise
reduction as will be discussed below. Due to the significantly improved performance of the clustered
configuration compared to even the standard configuration, investigation of the other configurations was
abandoned.
Further investigation into the clustered configurations acoustic field was consequently undertaken to
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(a) Beveled 5x (b) Clustered (c) Beveled 7x (d) Beveled 9x
(e) Beveled 11x
Figure 6.4.1: Schematics of the arrangement of injectors for azimuthally varied FEC. Each injection
location is represented by a filled in circle.
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Figure 6.4.2: Change in OASPL relative to the baseline configuration.
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Figure 6.4.3: Effect of azimuthal orientation on the change in OASPL for the clustered configuration.
determine the effect of azimuthal orientation relative to the plane of measurement. Figure 6.4.3 displays
the resulting noise reduction of the investigated orientations, wherein the azimuthal orientations are
specified following the convention laid out in Figure 5.4.1a. The results indicate roughly 1dB of variation
in forward and sideline angles and a peak difference of just over 2dB at an angle of Ψ = 130○. The
optimal orientation occurs at Φ = 90○, and due to symmetry deviations ±30○ from this point are roughly
equivalent. Consequently, the Φ = 90○ orientation will be displayed in the following narrowband acoustic
spectral figures. This result follows the trend found in Section 5.4, wherein the clustered chevron Φ = 90○
orientation was shown to out perform the Φ = 0○ orientation.
Comparison of the narrowband acoustic spectra at observation angles upstream, downstream, and
at the sideline for the baseline, unmodified low penetration chevrons, the standard FEC configuration,
and the clustered FEC configuration is presented in Figure 6.4.4. As expected from the OASPL results
presented above, the clustered FEC configuration significantly improves peak shock noise reductions,
compared even to the standard configuration, as shown in 6.4.4a & 6.4.4b. Additionally, the increase
in the BSAN spectral peak frequency indicates a further shortening of the shock cell spacing, and as
the secondary BSAN spectral peak evident in standard configuration’s spectra (St = 2 Ψ = 90○) is not
present in the clustered configuration results, the shock cell structure could potentially be simplified by
the clustered configuration. Maximum BSAN reductions exceeded 10-13dB depending on the observation
angle and specific frequency, which was an improvement of roughly 3dB over the standard configuration.
Normalization by the Helmholtz number (not shown) indicates peak BSAN reductions on the order of
6dB (Ψ = 90○) again a roughly 3dB improvement over the standard configuration. The enhanced BSAN
reduction of the clustered configuration is thought to result from elliptification of the jet cross section
similar to the chevron configuration investigated previously. Improvement in the high frequency content
was also achieved compared to the standard configuration for all of the measured observation angles,
which follows from the decrease in the number of injectors reducing the induced fine scale mixing noise.
In fact, at nearly all frequencies the clustered configuration improved noise reduction compared to the
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(b) Ψ = 90○.
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(c) Ψ = 150○.
Figure 6.4.4: Far field narrow band acoustic spectra. Mj = 1.22.
standard configuration. The primary noise source reduction which was degraded by going to the clustered
configuration was the large scale mixing noise, which experienced roughly 1-2dB noise increase relative
to the standard configuration. Similar to prior discussions, this is thought to result from reduced large
scale structure growth inhibition due to the lower number of induced streamwise vortices.
Similar to the previous sections, both streamwise and cross stream PIV measurements were performed
in an effort to relate acoustic field modification to changes wrought in the flow field by the clustered FEC
configuration.
Periodically averaged cross stream velocity contours are presented in Figure 6.4.5 as they emphasize
the differences in jet evolution enacted by the standard and clustered FEC configurations as compared to
the baseline flow field. The sub-figures are organized such that the downstream position from the nozzle
exit increases downward with the baseline, then the standard, and finally the clustered configurations in
each column respectively. The un-enhanced low penetration chevron flow field results were excluded from
this figure for brevity as they were shown previously to have limited effect. The baseline jet results show
an axisymmetric jet at all of the investigated cross stream position due to the periodic averaging. As was
discussed in the previous section, the standard configuration initiates crenelations existing at least as far
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downstream as z/Dj = 2, which indicates induction of counter rotating vortices, enhanced mixing and a
consequent increase in local turbulence. Past z/Dj = 4, the velocity field modulations are eliminated and
the standard configuration’s cross section returns to axisymmetric with further downstream contours
nearly indistinguishable from the baseline configuration. Similar to the standard configuration, the
clustered configuration initiates large crenelations associated with each injector, though sequestered to
the top and bottom quadrants of the jet due to the injector arrangement. It should be noted that
significantly smaller modulations are apparent in the left and right quadrants due to the presence of
the unmodified low penetration chevrons, similar to the results presented in Section 5.3. A reduction
of the local jet velocity is apparent due to crenelations induced by the injection, initiating somewhat of
an elliptical cross section by z/Dj = 2. Distinct jetlets are mixed out by z/Dj = 4, though the distinctly
elliptic cross section remains and endures at least as far downstream as z/Dj = 8 where the last cross
sectional measurement was obtained. These results are similar to the high penetration chevron clustered
configuration presented in Section 5.4, indicating induction of an elliptical cross section is a result of
localized vorticity introduction and not technology dependent.
Though cross stream measurements provide a direct look at modifications to the jet cross-section,
investigation of streamwise orientated jet features, such as shock cells and the potential core, are difficult
to discern due to the low number of axial sampling locations. Consequently, streamwise measurements
were undertaken to more accurately quantify modifications to such features, the results of which are pre-
sented in Figure 6.4.6. Similar to previous sections Figure 6.4.6 consists of several sub-figures pertaining
to the different configurations under investigation at the pertinent azimuthal orientations. Additionally,
the top half of each sub-figure consists of contours of the time averaged streamwise velocity component,
while the lower half depicts the time average of the fluctuating streamwise velocity component. Due
to the results obtained in the prior chevron investigations, the streamwise measurement domain was
shortened to roughly 15 jet diameters to reduce the required number of experimental runs. As was noted
in the previous sections, the baseline results indicate a strong Mach disk exists just downstream of the
nozzle exit and the double shock diamond structure typical of bi-conic converging diverging nozzles is
not present. Additionally, the fluctuating velocity results indicate oscillation of the shock cell pattern,
especially at the location of the Mach disk. The standard configuration results display the near nozzle
jetlet structure shown in Figure 6.4.5 through the opposing contraction/enlargement of the flow field in
the Φ = 0○ and Φ = 15○ planes respectively. As previously noted, the potential core length of the standard
configuration is roughly unchanged in relation to the baseline configuration as indicated by the location
where the large magnitude fluctuating velocity component intersects the jet centerline. The downstream
turbulence was reduced by the application of the standard configuration at the expense of increased near
nozzle levels, which is consistent with the introduction of streamwise vortical structures by the FEC. As
was noted above, this indicates an inhibition of the large scale turbulent structures and the associated
noise source, though the introduction of fine scale turbulence near the nozzle is associated with the higher
frequency penalty apparent in the acoustic results. Due to the measurement locations of the clustered
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(a) Baseline, z/Dj = 0.5. (b) Standard, z/Dj = 0.5. (c) Clustered, z/Dj = 0.5.
(d) Baseline, z/Dj = 1.0. (e) Standard, z/Dj = 1.0. (f) Clustered, z/Dj = 1.0.
(g) Baseline, z/Dj = 2.0. (h) Standard, z/Dj = 2.0. (i) Clustered, z/Dj = 2.0.
(j) Baseline, z/Dj = 4.0. (k) Standard, z/Dj = 4.0. (l) Clustered, z/Dj = 4.0.
(m) Baseline, z/Dj = 8.0. (n) Standard, z/Dj = 8.0. (o) Clustered, z/Dj = 8.0.
Figure 6.4.5: Evolution of jet cross section with downstream position. Mj = 1.22.
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configuration, the expansion/contraction jetlet structure was not directly measured as the Φ = 15○ plane
was not acquired. Though a significant contraction of the jet in the Φ = 0○ plane is observable in both
the fluctuating and average velocity fields due to the modification of the jet into an elliptic cross section.
Consequently, the potential core length of the jet appears significantly reduced as compared to either the
baseline or standard configurations as will be quantitatively investigated below. Furthermore, the shock
cell spacing was reduced as a result of the increased jet spreading/modification of the jet cross section.
Similar to the previous sections of this work, centerline velocity profiles were extracted from the
measured streamwise velocity maps for quantitative analysis of the potential core length, shock cell
spacing, and shock cell strength. Details of the methodology behind this analysis are omitted for brevity
at this location, though the reader is referred to Figure 5.3.12 and the associated discussion if explanation
is desired. The resulting velocity profiles, normalized by the mean jet velocity within the potential core
and determined potential core length, are presented in Figure 6.4.7 below for comparison purposes. Due
to the normalization process, the shock spacing cannot be inferred from the presented profiles, but the
reduction in shock strength by both the standard and clustered configurations is easily observed in the
results.
The results of computing the individual shock strengths from the centerline velocity profiles are
compiled in Figure 6.4.8. Following the reasoning of Tam33, the first shock strength was excluded from
this computation as it was shown to be unrelated to BSAN amplitudes. As expected from the velocity
results presented above, the baseline jet possess a greater shock strength than either the standard or the
clustered configurations for all of the investigated shocks, confirming the significant BSAN reductions
of both configurations. Interestingly, the clustered configuration achieved slightly higher shock strength
values for the first two shocks than compared to the standard configuration, though further downstream
all values were lower than the standard. It is thought that this results from the reduced number of
injectors limiting the near nozzle modification where the progression of the elliptic cross section has
not achieved significant enough asymmetry to effect the shock structure in a similar magnitude. The
average shock strengths of the three conjugations are 0.196, 0.126, 0.107 for the baseline, standard, and
clustered configurations respectively. The reduction in average strength trends with the reduction in
BSAN discussed above, though the relation is non-linear potentially due to the azimuthally asymmetric
large scale structure inhibition and/or shock cell modification.
In addition to the individual shock strength determination, the average shock cell spacing was also
computed and tabulated below in Table 6.4.1. Both the baseline and standard configuration results
were presented within the previous section and replicated herein. Again as expected from the velocity
contours presented above, the clustered configuration further reduced the shock spacing as compared to
the standard configuration. This results corroborates the additional increase in the BSAN peak frequency
observed in the acoustic spectra presented above. Back calculation of the BSAN peak frequency using
the relation of Tam et al.32 along with this empirically determined shock cell spacing predicts the value
of the clustered configurations peak within 3.2% of the measured acoustic value at Ψ = 90○.
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Figure 6.4.6: Streamwise planes of mean and fluctuating axial velocity. Mj = 1.22.
Table 6.4.1: Average shock cell spacing. Ls/Dj .
Baseline Standard Clustered
0.670 0.599 0.514
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Figure 6.4.7: Centerline velocity profiles.
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Figure 6.4.8: Shock strength computed from the mean centerline velocity profiles.
Table 6.4.2 displays the results of calculating the potential core length of the three configurations
using the centerline velocity profile developed by Lau et al20. As was expected from the contours
presented in Figure 6.4.6, the baseline and standard configurations both have very similar potential core
lengths. Similar to prior discussions, this is thought to result from a balance of mixing enhancement of
the chevron/injection combination offset by the reduction mixing due to screech removal. The clustered
configuration’s potential core length, on the other hand, is significantly shorter than either of the other
two configurations. This is very similar the results presented in Figure 5.4.17 for the clustered chevron
configuration, and follows previous smooth/unmodified elliptic nozzle results157;166.
Similar to the previous sections, the introduction of counter rotating vortex pairs is attributed to the
majority of the flow field modifications. Comparison of the unmodified low penetration chevrons to the
standard configuration was performed in the previous section, where it was shown that vorticity magni-
tude was significantly augmented by the addition of fluidic injection. In a similar manner, comparison of
the standard and clustered FEC configurations near nozzle vorticity field is presented in Figure 6.4.9. In
the figure, the clustered configuration’s orientation is such that the Φ = 90○ plane is horizontal, indicating
Table 6.4.2: Potential core length comparison.
Base. Std. Clu.
5.75 5.71 4.83
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Figure 6.4.9: Streamwise Vorticity at z/Dd = 0.5, Mj = 1.22.
the unmodified chevrons are located to the left and right. The clustered configuration provides a direct
comparison of the unmodified chevrons and the enhanced chevrons as both are contained with the con-
figuration. Similar to the comparison in the previous section, the maximum amplitude of the enhanced
chevrons is roughly four times greater than the un-enhanced chevrons. Comparison of the standard and
clustered configurations indicates that in the quadrants where fluidically enhanced chevrons are present,
the vorticity field is roughly equivalent between the two. The identical arrangement of noise reduction
technology in those sectors is though to be the cause behind this occurrence, which is born out by the
chevron investigation performed above (Section 5.4). Quantitative analysis of the vorticity fields follows
in an effort to further explain the acoustic field modifications induced between the two configurations.
The evolution of peak vorticity with downstream position is presented in Figure 6.4.10, for the
baseline, standard, and clustered configurations. Additionally, exponential functions have been fit to the
standard and clustered configurations to illustrate the rate of decay of the peak vorticity. As expected
from the above discussion, the comparison of the peak amplitude shows very similar values between the
two configurations. Again this is thought to result from the roughly identical performance of the clustered
configuration’s sectors with fluidic enhancement. This highlights the inability of the maximum vorticity
as a metric for relating acoustic and flow field modifications, as the induced vorticity field is significantly
different between the investigated configurations yet the peak amplitudes are roughly identical. Similar
to previous discussions, the use of an integrated parameter to included the spatial extent/number of
vortices more accurately describes the induced vorticity field of azimuthally inconstant configurations.
Consequently, the integrated modulus of vorticity term as defined in Equation 5.3.7, Γ, was computed
in an effort to capture the differences induced in the vorticity field between the standard and clustered
configurations. The resulting variation of Γ with downstream position is shown below in Figure 6.4.11. As
expected from the above vorticity contours, the near nozzle value of the standard configuration exceeds
the clustered configuration significantly. Due to the presence of the unmodified chevrons in the clustered
configuration, the near nozzle value of the standard configuration is slightly less than double that of
the clustered configuration. The standard configuration’s decay rate significantly exceeds that of the
clustered configuration, such that by 1 diameter downstream the values have roughly converged. This
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Figure 6.4.10: Variation of peak vorticity with downstream position.
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Figure 6.4.11: Variation of Γ with downstream position.
is most likely due to extra vortex interaction caused by the proximity of the twelve vortex pairs. The
similarity of the Γ profiles downstream of half a diameter coincide with the similar peak LSS amplitude
reductions shown in Figure 6.4.4c, following the ideology of inhibited growth rate.
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Chapter 7
Conclusions
7.1 Research Summary
An experimental investigation into the effect of azimuthal variance of chevrons and fluidic enhance-
ment of chevrons on supersonic jets issuing from military style nozzles was undertaken, with an end goal
of improving noise reduction and/or reducing performance penalties required to achieve noise reduction.
To this end, multiple configurations involving differing combinations of geometry and arrangement of
both noise reduction technologies were investigated in the over-, ideally, and under- expanded regimes,
though particular emphasis was placed on the overexpanded regime due to practical applications. In-
vestigations primarily consisted of back-to-back far field acoustic measurements between an unmodified
nozzle and the investigated noise reduction technologies, such that noise reduction could be quantified.
Additionally, several in depth flow field surveys were performed to relate the acoustic field modifications
to the changes imposed on the jet flow. An itemized list of the overall primary findings is presented first,
followed by an in-depth summary of the findings for each of the investigated configurations.
Chevrons
● Azimuthally varied configurations primarily benefited from shock associated noise improvements.
– Asymmetry decreased shock strength, improving BSAN amplitudes relative to the standard
chevron arrangement.
– The high frequency penalty of the standard configuration was mitigated due to a reduced
effect on shock cell spacing.
– Elimination/reduced intensity of the secondary shock structures introduced at higher jet
operation.
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● Noise reduction in the aft angle large scale turbulent mixing noise dominated region determined
to be an improving function with penetration though with diminishing returns.
● Vortex interaction due to chevron proximity was identified as a primary factor influencing peak
near nozzle vorticity magnitudes and downstream persistence.
● In general, the azimuthally varied configurations were able to achieve similar/improved noise reduc-
tion to the standard configuration, highlighting the opportunity to reduce performance penalties.
Fluidically Enhanced Chevrons
● Improvement was limited to the overexpanded regime, as there was limited need to enhance the
chevron penetration at higher jet operation.
● Primary gains were made in shock noise reduction which were bolstered by fluidic enhancement
and further improved by azimuthal variance due to significant jet cross sectional modification.
● The optimal azimuthally varied configuration achieved improved noise reduction in the shock
dominated noise regions with only slight degradation of aft angle reductions, all while reducing the
required injectant mass flow rate by half, again highlighting the opportunity of azimuthal variance
to reduce performance penalties.
Investigation into the effect of chevron azimuthal variance was initiated with a study of penetration
in the standard orientation, such that the more exotic configurations that were planned to be investigated
could be discussed with relation to the level of chevron penetration employed. Penetration was found to be
positively correlated with the radial and azimuthal size of the vortices, as well as the maximum magnitude
in the overexpanded regime. At the design condition, chevron penetration was only correlated with the
radial extent of vortices. This was attributed to limited azimuthal space for vortex growth leading
to vortex interaction. Consequently, integration of the streamwise vorticity modulus, Γ, was used as
the metric for overall modification as it captures both vorticity amplitude and vortex spatial extent.
Additionally, use of this metric incorporated secondary vortex structures in addition to the primary pair
of counter rotating vortices. Analysis of the downstream evolution of streamwise vorticity indicated
that persistence was limited to roughly two diameters downstream of the nozzle exit, independent of
magnitude. The decay of maximum streamwise vorticity magnitude was found to be exponential, though
the decay rate of Γ was not. Large scale mixing noise reductions were directly related to penetration
and trended with the the near nozzle Γ values. The shock cell spacing was calculated using centerline
velocity profiles and compared to theoretical and empirical relations. Agreement between the relation of
Norum & Seiner31 and the baseline results was found to be excellent. Comparison to the investigated
configurations indicated reductions in spacing were directly related to the induced vorticity. Considering
the results of Andre´ et al.151, the effect of screech on the calculated shock cell spacing was judged to
be limited as the computation method employed a maximum of the first seven shock cells. As a direct
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result of the decreased shock spacing, the BSAN peak frequency universally increased with penetration.
Similarly, the average shock strength was determined using the centerline velocity profiles. Comparison
to the strength characterization parameter of Tam33 indicated reasonable agreement with the baseline
results, but highlighted PIV’s inability to capture very large velocity gradients which exist in the Mach
disk region of the highest overexpanded condition. The effect of penetration on shock strength was found
to be positively correlated in the overexpanded regime, and negatively correlated in the underexpanded
regime. This was attributed to introduction of secondary shock structures by the presence of the larger
vortices in the underexpanded regime. BSAN peak amplitude results trended directly with shock strength
as expected. Also, a secondary BSAN spectral peak was identified for the configurations exhibiting the
addition of secondary shock structures. The potential core length was calculated using the centerline
profile developed by Lau et al.20. Comparison of the three configurations did not indicate a significant
trend regarding modification of the potential core length. Due to the presence of screech at the slightly
overexpanded and ideally expanded conditions, the baseline jet’s potential core length was found to be
drastically lower than the empirical relation of Lau et al.20. It is thought that this phenomenon could
be the cause of conflicting reports within the literature regarding increased/decreased potential core
length induced through introduced streamwise vorticity. Interestingly, the application of chevrons had
a limited effect on screech frequency, though a distinct effect on shock cell spacing was measured as
already noted. The spread rate of all investigated configurations was illustrated through calculation of
the jet’s half-width. The effect of penetration on the half width was primarily limited to axial locations
less than three diameters downstream of the nozzle exit. In cases where large amplitude baseline screech
was not observed, the chevrons achieved nearly identical asymptotic spread rates as the baseline jet. The
baseline asymptotic spread rates for conditions with large amplitude screech were roughly halved by any
induced vorticity. The integration of axial turbulence within the measured streamwise planes indicated
that near nozzle mixing increased and downstream turbulence levels decreased with penetration. Due
to the complexity of the noise source amplitude reductions and frequency shift of specific components,
correlation between OASPL reductions and penetration was difficult. The aft angles were the only
observation direction where noise reduction was constantly correlated with penetration, with reductions
in the 3-7dB range depending on operating condition. At the design condition and higher jet Mach
numbers, the low penetration chevrons were optimum at achieving OASPL reduction, primarily due to
the shock noise modification. Typical reductions were 2-6dBs, depending on the observation angle and
operating condition. In the overexpanded regime, the high penetration chevrons typically performed
optimally, with reductions in the 3dB range. This was thought to be primarily due to the decrease in
effective penetration in the overexpanded regime caused by the contraction of the flow field at the nozzle
exit.
Next, a study of the effects of chevron spacing and asymmetric distribution was performed in an effort
to illuminate the potential benefits of optimizing more than just individual chevron geometry. To this
end, three differing arrangements were created from a set of six individual chevrons with fixed geometry:
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beveled, clustered, and symmetric. These were compared to a standard chevron arrangement consisting
of twelve chevrons encompassing the entirety of the nozzle perimeter, as well as an unmodified baseline
jet. The most identifiable flow field modification achieved by the investigated configurations was the
drastic change in cross sectional shape. Near nozzle jetlets were introduced by all of the configurations
except the symmetric configuration, which was a result of the increased chevron spacing reducing vor-
tex pair interaction. The standard and symmetric configurations’ downstream cross sections returned to
roughly axisymmetric after the initial modifications were mixed out by turbulence. The beveled and clus-
tered configurations’ downstream jet cross sections, on the other hand, remained asymmetric and tended
toward triangular and elliptical in shape, respectively. Large amplitude screech tone reductions were
identified as a direct result of the drastic cross sectional modifications, with reductions in the 10-25dB
range achieved at all operating conditions by all of the investigated configurations. These reductions were
found to be dependent on azimuthal orientation, indicating shock-vortex interaction was detrimental to
reductions. On an azimuthal and operating condition averaged basis, the clustered configuration was
identified as the optimal screech reducing configuration with an average of 20dB of reduction. Reduc-
tion in the shock cell spacing was also identified as a consequence of the modification of the jet cross
section. Through quantitative analysis of streamwise velocity profiles, it was determined that all of the
investigated configurations achieved some level of mean shock cell length reduction. Correspondingly,
an increase in peak BSAN frequency was achieved by all of the investigated chevron configurations.
Confirmation of the obtained shock length and peak BSAN frequency shift trends was achieved through
comparison to the theoretical relation of Tam et al.32 Discrepancies between the measurement and the
theory in terms of relative amplitude were attributed to the use of non-centerline velocity profiles. The
clustered Φ = 90○ orientation universally achieved the largest shock length reduction which also led to
the largest increase in peak BSAN frequency. The average shock strength was also determined from
measured velocity profiles and was found to be reduced by all of the chevron configurations. The sym-
metric configuration was found to have limited azimuthal dependence on shock strength, most likely
due to the periodic chevron arrangement. The clustered configuration’s Φ = 90○ plane achieved a lower
shock strength than the Φ = 0○ plane, possibly due to the orientation of the elliptic cross section. The
beveled configuration indicated a switch in the optimal shock strength orientation due to a change in the
general shock structure. BSAN amplitude reductions roughly trended with the reductions in mean shock
strength. The beveled Φ = 180○ orientation performed optimally in terms of BSAN amplitude reductions
at all but the underexpanded condition. Using the centerline profile of Lau et al.20, the potential core
length of the investigated configurations was calculated. The large amplitude screech of the baseline
jet at the Mj = 1.36 & 1.50 conditions resulted in much shorter potential core lengths than predicted
for an axisymmetric jet, making reduction conclusions difficult. Confining discussion to the investigated
chevron configurations indicates that potential core length reductions were configuration dependent, with
the clustered configuration achieving the shortest length, followed by the symmetric, beveled, and stan-
dard configurations, respectively. Chevron proximity was identified as a factor which influenced peak near
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nozzle vorticity magnitude and downstream persistence as it related to vortex interaction. The integrated
streamwise vorticity modulus’ downstream persistence was shown to correspond to large scale turbulence
noise peak amplitude reductions along with reduced aft integrated turbulence values. Consequently, the
symmetric configuration achieved the optimum LSS peak amplitude reductions across the investigated
operating range, as the reduced chevron proximity enabled the induced vortex pairs to persist further
downstream. Due to the complexity of supersonic jet noise, an optimal noise reducing configuration for
all of noise sources across the investigated operating range was not identifiable. In the overexpanded
regime the symmetric configuration was able to achieve worst case OASPL reductions within 1dB of the
standard configuration along with OASPL improvements up to 1.5dB in the shock dominated quadrant.
At the ideally and under expanded conditions, the beveled configuration orientated at Φ = 0○ was able
to achieve improvements of approximately 2dB as compared to the standard configuration. This is an
important result as it indicates a possible reduction in thrust penalties of chevrons (reduced number of
chevrons) while still achieving appreciable noise reduction.
The effect of chevron count while holding penetration constant was then investigated on a far field
acoustic basis. All three levels of penetration were investigated though, in an effort to segregate the
potentially convoluting effects, configurations which introduced asymmetry were not researched. Screech
reductions were generally found to be a function of chevron number, though configurations consisting of
more than three high penetration chevrons displayed reduction saturation. Slight penalties were observed
at both underexpanded operating conditions for the higher penetration chevrons, potentially due to the
introduction of secondary shock structures. Similarly, BSAN reductions were found to be a function
of both penetration and number. The low penetration chevrons generally displayed a monotonically
improving signature with number, while the medium penetration chevrons were roughly uniform with
number. The high penetration chevrons exhibited optimal performance at lower numbers. As with the
screech tone results, the under performance of the high and medium penetration chevrons at larger num-
bers is thought to be a result of the introduction of secondary shock structures, as confirmed by the flow
field study performed in the arrangement section. Trends of large scale turbulent mixing noise reductions
indicate that the low and medium penetration chevrons followed functions which generally improved with
increases in number. The high penetration chevrons, on the other hand, displayed saturation in the lower
number range, indicating a potential optimum with regards to total projected area. OASPL results in
the forward direction were shown to more closely follow the BSAN amplitude results than the screech
reduction. Consequently, the high number low penetration chevron configuration performed optimally
at all but the highest overexpanded condition. This was a result of the limited frequency shift of the
BSAN and not exhibiting a secondary BSAN peak. Following the same reasoning, the medium and high
penetration configurations with four chevrons performed optimally, most likely due to the limited sec-
ondary shock structures. At the sideline direction, the OASPL results did not trend with the peak BSAN
amplitude reductions due to the presence of a high frequency penalty, which is thought to result from
shortened shock cells, leading to higher BSAN frequencies. This was confirmed by direct investigation
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of the narrowband spectra, which indicated that the high frequency penalty was an increasing function
with penetration and number up to a count of six. Further increases reduced the effect following shock
cell length reductions. Interestingly, the high frequency penalty was shown to be exaggerated at the
design condition, potentially due to the presence of large amplitude screech occurring in the baseline
case. The aft angle results roughly mirror the LSS amplitude results, though saturation of reduction was
not observed, most likely due to additional shock noise reductions in the mid frequency range.
An investigation of alternating chevron penetration followed the number study. This entailed com-
paring configurations consisting of twelve chevrons with low-medium, low-high, and medium-high pene-
tration combinations to the symmetrically spaced six high penetration chevron configuration, in an effort
to determine if the additional chevrons would improve noise reduction. OASPL reductions indicate very
limited improvement in the overexpanded regime, while the ideally and underexpanded regimes indicate
the low and medium chevron combination significantly out-performed the six high penetration chevron
configuration. This followed the results in the number study, which indicates that lower penetration lev-
els were beneficial due to decreased high frequency penalty and limited-to-no introduction of secondary
BSAN peaks at those conditions. Screech amplitude results were shown to be within 4 dB of the reference
configuration at all operating conditions, most likely due to the effective elimination of screech by the
reference. Peak BSAN reductions were also similar to the six high penetration configuration, excluding
the medium-high combination, which was shown to be significantly outperformed, especially at the de-
sign and underexpanded conditions. This is thought to result from degraded shock strength reductions,
similar to that seen when progressing from six to twelve high penetration chevrons in the number study.
A reduction in peak BSAN frequency was also observed for all of the investigated alternating penetration
configurations at all operating conditions. This indicates a reduction in the shortening of the shock cell
spacing and a consequent reduction in the high frequency penalty. Degraded LSS reduction was observed
for all of the alternating penetration configurations, most likely resulting from negative vortex interaction
caused by the increased vortex proximity due to the additional chevrons.
The final chevron investigation that was performed was the combination of alternating penetration
with the beveled and clustered configurations already investigated. The combination beveled configu-
ration achieved OASPL reductions that were generally slightly worse than the standard configuration,
which was attributed to a reduction in the induced vorticity caused by both the reduction in chevron
count by one, and the use of lower penetration chevrons. Additionally, the reduced number of high
penetration chevrons in the combination configuration was thought to lead to a reduced jet deflection
and consequent effect on specific azimuthal orientations. This was exemplified by the inability of the
configuration to effectively eliminate screech at all of the investigated operating conditions. BSAN reduc-
tions were shown to trend similarly in terms of azimuthal orientation, though the standard configuration
achieved better noise reduction, except at the Mj = 1.36 condition where screech obscured the results.
The differences in amplitudes were generally within 2dB, indicating reasonable performance by the com-
bination configuration. The combination’s BSAN peak frequency was shown to be reduced as compared
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to the standard configuration, indicating a reduction in the ability to shorten the shock cell spacing,
and potentially a decreased in the corresponding high frequency penalty. Peak LSS reductions were also
shown to be degraded by the combination configuration, generally on the order of 2dB, most likely due
to decreased large scale inhibition following the reduced vorticity. On the other hand, the combination
clustered configuration achieved noise reduction within 1/2dB of the standard configuration at the over-
expanded condition and outperformed the standard configuration by roughly 1-1.5dB at most observation
angles in the ideally and underexpanded conditions. Improvements were primarily driven by additional
BSAN reduction, while slight degradation of the aft angle reduction most likely resulted from reduced
large scale structure inhibition, caused by lower integrated vorticity introduction. Screech reductions
were shown to be within 2.7dB at all operating conditions, excluding the highly overexpanded condition
where the combination configuration underachieved by roughly 6dB due to effective penetration limita-
tions. BSAN reductions were shown to be improved at all operating conditions when considering the
same azimuthal orientation. Similarly, the BSAN peak frequency was shown to be unilaterally reduced
by the combination configuration, indicating a lesser effect on the shock structure. Large scale turbulent
mixing noise reductions were found to be roughly improved in the underexpanded and degraded in the
overexpanded operation ranges, which directly follows the effect of penetration.
Finally, an effort was made to collapse the noise reduction results obtained for all of the investigated
chevron configurations based on high level geometric metrics. Projected area was selected due to previ-
ous studies indicating a direct relation with performance penalties. Peak BSAN, screech, and large scale
turbulent mixing noise reductions were all found to initially improve with increases of projected area,
up to a point where saturation occurred, and further increases were either not beneficial or detrimen-
tal to reduction. The shock associated noise component reductions were thought to follow this pattern
due to the introduction of secondary shock structures by the higher projected area configurations as
discussed previously. Additionally, the shift in BSAN peak frequency was found to follow an opposite
trend, indicating that peak noise reductions would be directly offset by the incurred high frequency
penalty caused by the frequency shifted shock noise. Limited-to-no trend regarding configuration was
established related to the shock noise components. Conversely, a trend regarding the large scale tur-
bulent mixing noise reductions was identified based on the azimuthal orientation relative to the planes
where vorticity was introduced. Consequently, two of the beveled configuration’s orientations, and to a
lesser extent one of the clustered configuration’s orientations, were found to significantly under-perform
relative to the rest of the data set. Overall reductions indicate that the optimal projected area was
within the 0.4 − 0.6in2 range, when taking into account all observation directions and operating condi-
tions. In general, slightly more projected area was required in the overexpanded range, while less was
beneficial in the underexpanded regime. It is important to note that these optimal configurations did
not correspond to the standard chevron configuration typically investigated in the literature, indicating
potential for performance penalty mitigation relative to the current norm. Maximum reductions were
in the 3-7dB range depending on orientation and operating condition. Additionally, a computational
224
RANS study was performed to relate the projected area to the incurred thrust penalty. It was found
that the chevrons under investigation herein follow the results within the literature, such that penalties
increase with projected area. Interestingly, asymmetry was determined to play a negative role in-terms
of performance. This result confirms the potential to limit the performance penalties of chevrons in the
standard configuration through azimuthal optimization.
Similar to the chevron study, an investigation of fluidically enhanced chevrons was undertaken. This
consisted of deploying injectors at the apex of each chevron such that the effective penetration could be
fluidically increased. The performance of this FEC configuration was determined to be detrimental at all
but the overexpanded range. This occurred due to an unnecessary increase in the effective penetration
level of the low penetration chevrons by the fluidic injection at the operating conditions where penetration
increases were shown to be detrimental to performance. Consequently, further investigation was focused
on the overexpanded regime. At these conditions noise reduction was achieved across the observation
arc, with maximum OASPL reductions of 3 dB in the upstream direction and 1.5-2 dB at the aft angles.
Spectral results indicate that primary gains were reduction in shock noise and low frequency mixing noise
components. Flow field measurements indicate that the shock noise reductions resulted from shortened
shock cell spacing and decreased shock strength. The low frequency mixing noise reduction is postulated
to be caused by inhibited large scale structure growth by introduction of streamwise vortices in the near
nozzle development region. Turbulence results supported this assessment, with increased upstream and
reduced downstream TKE. Additionally, the flow field results demonstrate that the FEC increased the
induced streamwise vorticity, leading to increased jet half-width and shear layer thickness.
With a baseline established for the FEC configuration, the effect of arrangement was investigated.
Similar to the chevron study, this consisted of an acoustic investigation of several symmetric, beveled,
and clustered configurations. The beveled configurations were shown to reduce noise similarly, but
to a lesser extent than the standard configuration, while the clustered configuration significantly out
performed even the standard configuration, and was chosen for in depth investigation. Primary acoustic
gains were made in BSAN peak and higher frequency noise, which is attributed to a significant reduction
of both shock strength and shock spacing as determined from flow field measurements. These shock
structure modifications resulted from alteration of the jet cross section into an ellipse, similar to the
chevron clustered configuration. Slight degradation of aft angle large scale turbulent mixing noise was
observed in relation to the standard configuration, as a result of reduced large scale structure growth
inhibition due to the reduced number of induced vortices. Optimal OASPL reductions compared to the
baseline configuration exceeded 5.75dB in the shock dominated quadrant, while the minimum reduction
of approximately 1dB was observed in the large scale turbulent mixing noise region. This roughly equates
to an improvement of 3dB in the upstream direction and a 0.5dB deterioration downstream as compared
to the standard configuration. This additional performance is an important result as it was achieved
through use of roughly 1/2 the required mass flow rate, reducing the performance penalty imposed on
the engine.
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To conclude, the azimuthal variance of noise reduction technologies was demonstrated to be beneficial
in terms of improving noise reduction, primarily shock related components, while at the same time
reducing the imposed performance penalties in relation to their standard counterparts. This potentially
reduces the barrier of entry into service, with the potential of improving the lives of individuals working
in and around high performance military aircraft.
7.2 Recommendations for Future Research
Recommendations for further studies were considered at the conclusion of this research and are
outlined below. Ideas directly related to the work presented herein are addressed first, and are then
followed by a discussion of extending the findings presented here to noise reduction technologies beyond
the scope of the current investigation.
The investigation of chevron geometry was limited to three differing levels of penetration, possibly
limiting benefits that could be gained with greater geometric variance. For example, Figure 7.2.1 illus-
trates a beveled configuration with both chevron penetration and length azimuthally varied. Use of this
configuration could potentially decrease negative vortex interaction due to the increase in the axial and
radial dispersion of vortex introduction, leading to improved persistence and potential noise benefit.
Optimal chevron penetration was shown to be operating condition dependent in Section 5.3. Employ-
ing adaptable chevron penetration, achieved for example using smart materials199, would allow operating
condition optimization of a given configuration to occur. Additionally, the use of an adaptable chevron
would potentially enable an elimination of the performance penalties in regions of operation not concerned
with noise reduction.
The FEC hardware used herein was designed to allow the feasibility of the configuration to be
demonstrated. Integration of the fluidic injectors with the chevron hardware would be an important step
towards improving the technology readiness. For example, the limited physical space makes achieving an
injection angle of 60○ at the chevron tip difficult, possibly indicating the work here was overly ambitious
in terms of geometric setup. Along the same line, integration with the chevron introduces the potential to
place the injection location forward of the chevron tip, which could improve the induced circumferential
pressure gradient and consequently the vorticity induction.
Investigation of the azimuthal removal of the chevrons in addition to the fluidic injectors could be
performed to assess the modifications of the noise reduction. This would move the investigation somewhat
further away from practical application of the technology on advanced fighters such as the F-35, but is
still relevant to aircraft such as the F-15.
Differentiation between the fine scale mixing noise and BSAN modifications was not possible using the
measurements employed within this work. Development of scaling methodologies following the works of
Viswanathan63 as well as Khavaran & Bridges52 for both the baseline and noise reduction configurations
would allow both the large and small scale turbulent mixing noise components to be extracted from the
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Figure 7.2.1: Example of a beveled configuration with an azimuthal variation of chevron length and
penetration.
shock associated noise at all of the investigated azimuthal angles. This would require implementation of
a mass flow meter in the AFT such that subsonic jet parameters could be accurately determined. This
would afford direct confirmation of the BSAN frequency shift, as well as the theorized increase in fine
scale mixing noise due to the application of chevrons.
The current work was performed using low temperature jets to ease initial proof of concepts by
allowing plastic chevrons to be employed. Improving the fidelity of the current investigation by including
the effect of jet temperature would bring the current investigation closer to real world application and
potentially remove the clouding effect of screech on noise field modifications. Development of a heated jet
noise rig is currently underway at the University of Cincinnati (for example, see Heeb et al.80 and Mora
et al.200) which would allow jet temperature ratios in excess of three to be investigated. Development
of modular chevrons that could withstand such high temperatures would also be a prerequisite of this
work.
Finally, extension of the findings presented in this work can be extended directly to other vorticity
inducing noise reductions. As a proof of concept that these results could be extended to other configura-
tions, a preliminary investigation into the benefits of azimuthal variation of fluidic injection introduced
just aft of the nozzle exit was performed. Cross stream PIV results, shown below in Figure 7.2.2, indi-
cate the clustered configuration achieves an elliptical cross section downstream, similar to the chevron
and FEC results presented herein. The corresponding acoustics results in Figure 7.2.3 indicate similar
noise reduction was achieved by the clustered configuration though only half of the injection fluid was
used. Results indicate primary gains were in low frequency and shock associated noise components, again
similar to the configurations investigated within this work. Extension of these results to internal fluidic
injection, similar to that of Morris et al.201, could potentially improve the configurations even further.
227
(a) z/Dj = 0.5. (b) z/Dj = 1.0. (c) z/Dj = 2.0.
(d) z/Dj = 4.0. (e) z/Dj = 8.0.
|u|
uj
0
0.2
0.4
0.6
0.8
1
(f) Contour Scale.
Figure 7.2.2: Cross-sectional velocity magnitude evolution. Quadrants depict the standard, baseline,
and clustered fluidic injection configurations progressing from the upper left. Mj = 1.22.
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Figure 7.2.3: Narrowband acoustic spectral comparison. — Baseline, — Low Penetration Chevrons, —
Standard Fluidic Injection, — Clustered Fluidic Injection. Mj = 1.22.
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Appendix A
Atmospheric Absorption
The atmospheric absorption method of Bass et al.98;99, requires the measurement of atmospheric
pressure (P∞), temperature (T∞), relative humidity (RH), and the measurement frequencies (f). Ad-
ditionally, three reference values are required, shown below in Equation A.0.1,
Tref = 273.15 K
T01 = 293.15 K
Pref = 1 Atm (A.0.1)
where, Tref is the reference atmospheric temperature, T01 is the triple-point isothermal temperature, and
Pref is the reference atmospheric pressure.
The first value that is calculated is the saturation vapor pressure, Psat.
log10 (PsatPref ) = 4.6151 − 6.8346(T01T∞ )1.261 (A.0.2)
Next the molar concentration of water vapor (H) is calculated.
H = RH (Psat
P∞ ) (A.0.3)
The relaxation frequency of molecular nitrogen (frN) is then calculated.
frN = P∞
Pref
√
Tref
T∞
⎡⎢⎢⎢⎣9 + 280H exp
⎡⎢⎢⎢⎣−4.17(TrefT∞ )
1/3 − 1⎤⎥⎥⎥⎦
⎤⎥⎥⎥⎦ (A.0.4)
Next the relaxation frequency of molecular oxygen (frO) is calculated.
frO = P∞
Pref
[24 + 40400H ( 0.02 +H
0.391 +H )] (A.0.5)
Finally, the atmospheric correction, α is calculated. Application of the absorption requires α to be
multiplied by the measurement radius as the units are dB/m.
α =20 log10 (e) f2 ⎧⎪⎪⎨⎪⎪⎩1.84 ⋅ 10−11 (PrefP∞ )
¿ÁÁÀ T∞
Tref
+ ( T∞
Tref
)−5/2
⎡⎢⎢⎢⎢⎢⎣
0.01278 exp (−2239.1T∞ )
frO + f2frO +
0.1068 exp (−3352T∞ )
frN + f2frN
⎤⎥⎥⎥⎥⎥⎦
⎫⎪⎪⎪⎬⎪⎪⎪⎭ (A.0.6)
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For convince the Matlab code implementing these equations is provided below.
function[alpha] = AtmoBass(f,ps,T,hr)
% this function computes the atmospheric absorption as specified by Bass et
% al in "Atmospheric aborption of sound:update" & "Atmospheric aborption of
% sound:Further Developments"
%%%%%%%%%%%%%INPUTS%%%%%%%%%%%%%%%%%%%%%%%
% f: the entire frequency range
% ps: measured Patm
% T: measured Tatm
% hr: relative humidity %
%%%%%%%%%%%%%%%OUTPUT%%%%%%%%%%%%%%
% alpha: absorption of sound
% Note this is in dB/m so to apply the correction alpha must be multiplied
% by a DISTANCE in METERS
%% Reference quantities
pso = 1; %[atm]
To = 293.15; %[K]
To1 = 273.16; %[K]
%% Saturation Vapor Pressure
psat = pso*10ˆ(−6.8346*(To1/T)ˆ1.261+4.6151); %[atm]
%% Molar Concentration of Water Vapor
h = hr*(psat/pso)/(ps/pso); %[%]
%% Relaxation Frequency of Molecular Nitrogen
frN = ps/pso*(To/T)ˆ0.5*(9+280*h*exp(−4.17*((To/T)ˆ(1/3)−1)));
%% Relaxation Frequency of Molecular Oxygen
frO = ps/pso*(24+4.04*10ˆ4*h*(0.02+h)*(0.391+h)ˆ(−1));
%% Absorption of Sound
alpha = f.ˆ2.*(1.84*10ˆ−11*(ps/pso)ˆ−1*(T/To)ˆ(1/2)+(T/To)ˆ(−5/2)*...
(1.278*10ˆ(−2)*(exp(−2239.1/T))./(frO+(f.ˆ2/frO))+1.068*10ˆ(−1)*...
(exp(−3352/T))./(frN+(f.ˆ2/frN)))); %[neper/m]
alpha = alpha*20*log10(exp(1)); %[dB/m]
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